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ABSTRACT
We present high-resolution infrared (2–18 µm) images of the archetypal periodic dust-
making Wolf-Rayet binary system WR140 (HD 193793) taken between 2001 and 2005,
and multi-colour (J – [19.5]) photometry observed between 1989 and 2001. The images
resolve the dust cloud formed by WR140 in 2001, allowing us to track its expansion
and cooling, while the photometry allows tracking the average temperature and total
mass of the dust. The combination of the two datasets constrains the optical properties
of the dust, and suggest that they differ from those of the dust made by the WC9
dust-makers, including the classical ‘pinwheel’, WR104. Photometry of individual dust
emission features shows them to be significantly redder in (nbL′–[3.99]), but bluer in
([7.9]–[12.5]), than the binary, as expected from the spectra of heated dust and the
stellar wind of a Wolf-Rayet star. The most persistent dust features, two concentrations
at the ends of a ‘bar’ of emission to the south of the star, were observed to move with
constant proper motions of 324± 8 and 243± 7 mas y−1. Longer wavelength (4.68-µm
and 12.5-µm) images shows dust emission from the corresponding features from the
previous (1993) periastron passage and dust-formation episode, showing that the dust
expanded freely in a low-density void for over a decade, with dust features repeating
from one cycle to the next. A third persistent dust concentration to the east of the
binary (the ‘arm’) was found to have a proper motion ∼ 320 mas y−1, and a dust mass
about one-quarter that of the ‘bar’. Extrapolation of the motions of the concentrations
back to the binary suggests that the eastern ‘arm’ began expansion 4–5 months earlier
than those in the southern ‘bar’, consistent with the projected rotation of the binary
axis and wind-collision region (WCR) on the sky. Comparison of model dust images
and the observations constrain the intervals when the WCR was producing sufficiently
compressed wind for dust nucleation in the WCR, and suggests that the distribution
of this material was not uniform about the axis of the WCR, but more abundant in
the following edge in the orbital plane.
Key words: stars: circumstellar matter — infrared: stars — stars: individual: WR140
— stars: Wolf-Rayet.
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1 INTRODUCTION
In 1977, the infrared (IR) flux from HD193793 (WR140)
was observed to have risen by almost an order of magnitude
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(e.g. ∆L′ ≃ 2.4) in less than a year and to have developed a
spectral energy distribution (SED) indicating formation of
circumstellar dust (Williams et al. 1978; Hackwell, Gehrz &
Grasdalen 1979). Although infrared SEDs characteristic of
heated circumstellar dust had previously been observed from
WC8–9 type Wolf-Rayet stars (e.g., Allen, Harvey & Swings
1972, Gehrz & Hackwell 1974), HD193793 was the first WR
star to show evidence for the formation of circumstellar dust
on a short time-scale. Subsequent observations showed the
emission to fade as the dust cooled and then, in 1985, to
rise again in another dust-formation episode (Williams et
al. 1990, hereafter Paper 1). From the IR light curves, a
photometric period of 2900 ± 10d was derived, leading to
a solution of the radial velocities which showed WR140 to
be a high-eccentricity (e = 0.84) WC7+O51 spectroscopic
binary. The episodes of dust formation appear to coincide
with periastron passage (Paper 1).
In the interim, rises in IR emission indicative of episodes
of dust formation were observed from two other WR stars,
WR48a (WC8–9) in 1978-79 (Danks et al. 1983) and
WR137 (WC7 + O) in 1983-4 (Williams et al. 1985), show-
ing that WR140 was not unique, but rather a prototype of
a class of episodic dust-making WR stars, of which we now
know seven (Williams 2002).
The particular interest and problem posed by the
episodic dust-making WR stars is the great difficulty of
making dust in their winds, as pointed out in the case of
WR140 by Hackwell et al. (1979): the stellar winds are not
sufficiently dense to allow homonuclear grain growth. The
same problem was discussed in respect of the ‘classical’ dust-
makers amongst the WC8–9 stars (Williams, van der Hucht,
& The´ 1987). Zubko (1998) found that carbon grains hav-
ing a drift velocity relative to the WC8–9 wind could grow
via collision with carbon ions, but the question of grain nu-
cleation remains open. A chemical kinetic study of the for-
mation of molecular species and carbon grain precursors in
WC9 winds by Cherchneff et al. (2000) found that only C2
was formed in useful amounts, and even that required sig-
nificantly (factor 103) higher densities than expected in the
regions of isotropic, smooth WR winds where dust grains
are observed. Evidently, the observation of dust formation
by WR stars requires that their winds contain regions of
significantly higher density than expected in an isotropic
smooth wind.
Large-scale, high-density structures are provided by
compression of stellar winds in strong shocks formed where
the wind of a WR star collides with that of a sufficiently
luminous companion in a binary system – a colliding wind
binary (CWB) – as occurs in WR140. Usov (1991) suggested
that very high compression factors (103−104) could be pro-
duced in WR140 if the heated and compressed wind was
1 Spectral types between O4–5 and O6 have been assigned to the
primary in different studies. We re-examined the classification
by measuring equivalent widths of the He i λ4471 and He ii λ4542
lines, and derived the classification ratio (Conti & Alschuler 1971)
log W ′ = logW (4471)− logW (4542) = −0.41±0.05, which gives
O5.5. This is later than the O4–5 derived from the optical spec-
trum by Lamontagne, Moffat & Seggewiss (1984) and from the
UV spectrum in Paper 1, but is consistent with the near equality
of the He i (+ He ii) λ4025 and He ii λ4200 lines (cf. Walborn &
Fitzpatrick 1990). We adopt O5.
able to cool efficiently. The link between the dust-formation
episodes and binary orbit is provided by periodic increases
by factor of ∼ 40 of the pre-shock wind density at the wind-
collision region (WCR) for a brief time around periastron
passage (Williams 1999). Although hydrodynamical mod-
elling by Stevens, Blondin, & Pollock (1992) found the col-
lision region in WR140 to be adiabatic, which would give
much less compression, this does not hold very close to pe-
riastron, when the compressed wind material is observed
to cool through additional emission components on low-
excitation C iii and He i lines (Marchenko et al. 2003, here-
after MM03; Varricatt, Williams & Ashok 2004, hereafter
VWA). The cooling in the emission sub-peak on the He i
λ1.083-µm line exceeds that by the X-rays (VWA).
Other high-density structures which could aid dust for-
mation are the clumps in WR (e.g. Moffat & Robert 1994)
and O (e.g. Eversberg, Lepine & Moffat 1998) star winds. A
test of the relative importance of these and the large-scale
structures can come from imaging the newly-formed dust in
the IR. Marchenko, Moffat, & Grosdidier (1998) observed
large clumps of dust near WR137 during its 1997 maximum
and Tuthill, Monnier & Danchi (1999), Monnier, Tuthill,
& Danchi (1999) and Tuthill et al. (2008) observed rotat-
ing ‘pinwheel’ dust structures around WR104 (Ve2–45) and
WR98a (IRAS 17380–3031), characteristic of dust formed
and emitted in a stream to one side of a binary system ob-
served at a relatively low orbital inclination. The observation
of non-thermal radio emission from the ‘pinwheel’ systems
(Monnier et al. 2002a) provides further support for their bi-
narity; but their stellar components have not been resolved,
so it has not been possible to relate the positions of the stars
and WCRs to that of the dust.
Such a comparison is now possible in the case of
WR140, whose dust emission was mapped by Monnier,
Tuthill & Danchi (2002b, herafter MTD), and whose or-
bit is now fully determined in three dimensions. The RV
orbital study by MM03 found a period, P = 2899 ± 1.3d.,
in excellent agreement with the IR photometric period, and
an even greater eccentricity (e = 0.881 ± 0.005) than those
derived previously. From high-resolution imaging of the ra-
dio emission between phases 0.74 and 0.97, Dougherty et
al. (2005) demonstrated that the WR140 system rotates
clockwise on the sky, and derived an orbital inclination,
i = 122◦ ± 5◦, consistent with and more tightly constrained
than that (i = 50◦ ± 15◦, equivalent to i = 130◦ ± 15◦)
derived by MM03 from modelling the moving sub-peaks on
the He i and C iii line profiles. The binary itself was resolved
by Monnier et al. (2004), who measured the stellar separa-
tion and position angle at phase 0.297. Using this and the
inclination, Dougherty et al. determined the longitude of
ascending node (Ω = 353◦ ± 3◦), which, together with the
argument of periastron (ω = 46.◦7± 1.◦6, MM03), completes
the definition of the orbit.
The high-resolution near-IR images of WR140 observed
by MTD in 2001 June 12 and July 30 showed the dust to
lie in several features of different size around the central
star, and to be expanding with a proper motion of about
1.1 mas d−1, but with no obvious relation to the orbit.
We therefore extended the imaging obervations of
WR140 to study the evolution of the dust cloud and its
relation to the colliding-wind structures inferred from the
orbit and other observations. We also continued the infrared
c© 2009 RAS, MNRAS 000, 1–21
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photometry reported in Paper I to confirm the periodicity
determined from the 1970–1985 data and to improve the def-
inition of the light curves around φ = 0.14, which suggest
enhanced dust formation, perhaps a secondary nucleation
episode.
The two datasets are complementary: while the images
show positions of the dust features and their angular ex-
pansion, the photometry allows determination of the evo-
lution of the ‘average’ temperature of the dust on account
of the wide wavelength range and greater frequency of the
observations. There is a caveat: the imaging data follow the
2001 periastron passage, whereas the photometric data come
mostly from earlier periastron passages. The relation of the
two datasets relies on the photometeric behaviour repeating
periodically, which it appears to do (Section 3.4).
In Section 2 we report the infrared photometry in 1989–
2001 and imaging observations in 2001–5. In Section 3, we
use the light curves and images to describe the evolution
of the dust cloud and use the positions and fluxes of the
dust features to quantify the evolution. In Section 4, we
attempt to model the dust images assuming the dust forms
in the WCR rotating on the sky with the orbital motion and
consider the influence of model parameters and some of the
underlying assumptions on the fit. In Section 5, we discuss
the results and the problems arising from the timing of the
start and finish of the production of dust-forming plasma in
the WCR and nucleation of the dust.
2 OBSERVATIONS
2.1 Photometry
The near-IR photometry (Table 1) was observed with a va-
riety of telescopes: the United Kingdom Infrared Telescope
(UKIRT), the Carlos Sa´nchez Telescope (TCS) of the Insti-
tuto Astrof´ısica de Canarias, the Telescopio InfraRosso del
Gornergrat (TIRGO), the 2.1-m telescope of the Observato-
rio Astro´nomico Nacional at San Pedro Ma´rtir (SPM) and
the University of Calgary 2-m Infrared Telescope (Calgary).
Most of the observations were fitted in the gaps of other
programmes, and the photometry is not expected to be as
homogeneous as that from a single instrument or campaign.
The uncertainties of the J , H and K magnitudes are typi-
cally 0.04 mag., while those of L′ (λ = 3.8µm, ∆λ = 0.7µm)
and nbM (λ = 4.63µm, ∆λ = 0.17µm) are less than 0.1
mag except where marked ‘:’. The nbM filter differs slightly
from the M filter used for Paper 1 but examination of the
two datasets showed no systematic difference between M
and nbM magnitudes, so we combined them. Comparison of
the photometric standards used in common by UKIRT and
the TCS revealed differences of 0.04, 0.03 and 0.04 mag in
J , H and K respectively, and these shifts were added to the
TCS magnitudes in Table 1 for subsequent use. We made no
adjustments to the other datasets. The final observation, al-
though taken under hazy conditions, signalled the 2001 dust
formation episode at φ = 0.02.
The mid-IR data (Table 2) were observed with the
bolometer photometer, UKT8, on UKIRT, or the Dual In-
frared Camera, CID (Salas, Cruz-Gonza´lez & Tapia 2006),
on the SPM 2.1-m telescope. The passbands of the interme-
diate bandwidth filters used for the CID observations dif-
fer slightly from the corresponding filters in UKT8, but the
Table 1. New near-infrared photometry of WR140. The phases
here and in Tables 2 and 3 were calculated using P = 2900 d. and
T0 = JD 2446147 (1985.22). Observations made on two successive
nights are replaced by their average and marked ‘*’.
Date φ J H K L′ nbM Telescope
1989.41 0.53 5.60 5.39 5.09 4.64 SPM
1989.65 0.56 5.60 5.42 5.10 4.70 4.32 UKIRT
1990.70 0.69 5.63 5.44 5.13 4.40 UKIRT
1991.41 0.78 5.57 5.36 5.04 4.87 SPM
1991.52 0.79 5.60 5.39 5.09 4.73 4.53 UKIRT
1991.79 0.83 5.59 5.39 5.08 TCS
1991.84 0.83 5.59 5.37 5.11 4.78 4.49 UKIRT
1992.29 0.89 5.59 5.39 5.04 4.77 TCS
1992.32 0.90 5.61 5.41 5.11 4.80 4.53 UKIRT
1992.32 0.90 5.64 5.43 5.09 TCS
1992.40 0.90 5.57 5.37 5.03 4.80 TCS
1992.55 0.92 5.61 5.40 5.04 4.84 TCS
1992.61 0.93 5.58 5.38 5.05 4.9: TCS
1992.63 0.93 5.63 5.44 5.12 4.80 4.48 UKIRT
1992.67 0.94 5.61 5.41 5.08 4.9: TCS
1992.82 0.96 5.63 5.39 5.04 TCS
1992.88 0.96 5.62 5.40 5.06 4.83 TCS
1993.03 0.98 5.58 5.36 5.00 4.94 TCS*
1993.32 0.02 5.38 4.55 3.54 2.25 1.91 UKIRT
1993.34 0.02 4.67 3.54 Calgary
1993.36 0.03 4.53 3.46 Calgary*
1993.40 0.03 5.40 4.71 3.66 2.27 1.97 UKIRT
1993.47 0.04 5.49 4.86 3.89 2.43 2.1: UKIRT
1993.62 0.06 5.50 4.95 4.01 2.41 TCS
1993.66 0.06 5.56 5.03 4.16 2.48 TCS
1994.13 0.12 5.72 5.22 4.60 3.11 TCS
1994.20 0.13 5.63 5.26 4.52 2.9: TCS
1994.28 0.14 5.74 5.26 4.60 3.05 TCS
1994.40 0.16 5.63 5.28 4.64 2.99 TCS
1994.70 0.19 5.57 5.28 4.72 3.6: TCS
1994.93 0.22 5.61 5.38 4.87 3.96 TCS
1995.33 0.27 5.59 5.36 4.95 4.16 TCS
1995.57 0.30 5.57 5.38 4.96 TCS
1995.60 0.31 5.56 5.34 4.94 TCS
1995.62 0.31 5.64 5.36 5.01 4.20 TCS
1995.64 0.31 5.60 5.36 4.98 TCS
1995.89 0.34 5.52 5.35 4.98 TCS
1996.32 0.40 5.61 5.42 5.06 TCS
1996.39 0.41 5.62 5.39 5.03 TCS
1996.51 0.42 5.65 5.46 5.02 TCS
1996.59 0.43 5.59 5.36 5.02 TCS*
1996.61 0.43 5.62 5.40 5.02 4.39 TCS
1996.74 0.45 5.58 5.50 4.90 4.55 TIRGO
1997.58 0.56 5.62 5.40 5.05 4.7: TCS
1997.63 0.56 5.67 5.46 5.09 4.56 TCS
1997.64 0.56 5.63 5.43 5.09 4.73 TCS
1997.65 0.57 5.66 5.42 5.08 4.57 TCS*
1998.72 0.70 5.63 5.42 5.06 TCS
1999.55 0.80 5.60 5.38 5.03 TCS
2001.25 0.02 5.1: 4.3: 3.2: 2.1: TIRGO
colour terms are expected to be smaller than the photomet-
ric uncertainties.
2.2 Imaging
The imaging observations (Table 3) were made with four
different instruments: the Palomar High Angular Resolu-
tion Observer (PHARO) (Hayward et al. 2001) and AO sys-
c© 2009 RAS, MNRAS 000, 1–21
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Table 2. New mid-infrared photometry of WR140
Date φ [8.75] [12.5] [19.5] Tel
1990.66 0.69 3.40±0.05 3.01±0.10 2.0±0.4 UKIRT
1992.63 0.93 3.91±0.06 3.13±0.11 2.6±0.4 UKIRT
1993.50 0.04 1.68±0.06 1.60±0.08 1.8±0.2 UKIRT
1994.32 0.15 1.64±0.10 1.65±0.05 UKIRT
1994.36 0.15 1.6±0.1 UKIRT
2000.69 0.95 4.01±0.20 3.26±0.30 SPM
Figure 1. Infrared light curves of WR140 at three wavelengths
(8.75, 3.8 and 2.2 µm) showing the evolution of the dust emission.
The phases of the imaging observations are marked on appropri-
ate light curves. On the K-band curve, the phases of our PHARO
K-band images are marked ‘H’, while that of our INGRID 2.27-
µm observation is marked ‘W’ (the third PHARO observation
at almost the same phase is omitted for clarity). The horizon-
tal dashed line fitted to the pre-eruption photometry is assumed
to give the underlying stellar flux, so that the contrast between
dusty system and stellar fluxes at the times of the imaging obser-
vations are readily seen. Similarly, the phases of our UIST nbL′,
3.99-µm andM ′ observations are marked on the L′ (3.8-µm) light
curve, and the Gemini North and UKIRT Michelle observations
are marked ‘G’ and ‘U’ on the 8.75-µm light curve, with dashed
lines again marking pre-eruption flux levels assumed indicative of
the stellar fluxes.
tem on the 5-m Hale telescope; the Isaac Newton Group
Red Imaging Device (INGRID) (Packham et al. 2003) and
NAOMI AO system on the 4.2-m William Herschel Tele-
scope (WHT); the UKIRT 1–5 micron Imager Spectrometer
(UIST) (Ramsay Howat et al. 2004) on the 3.8-m United
Kingdom Infrared Telescope (UKIRT) and the Mid-infrared
Imager/spectrometer (Michelle) (Glasse, Atad-Ettedgui &
Harris 1997) on both UKIRT and the Gemini North tele-
scope.
The PHARO observations were made on 2001 Septem-
ber 5, 2002 April 22 and 2002 July 25. The shortest frame
time (1817 ms) available to the PHARO system required
use of a 1 per cent neutral-density filter in conjunction with
the K filter. The pixel size was 25 mas and the position of
WR140 on the array was dithered between images. Prior
to observation, the adaptive optics system was set up using
the point-spread function (PSF) standards, HD203112 and
HD203856. Observations of WR140 and the PSF standards
were interspersed so that measurements were made at very
similar air masses. Images of the PSF standard, HD203856,
were used in further processing of each set of images using
mem2d routines in IRAF. Checks using images of HD203112
for the PSF yielded consistent deconvolved images.
The INGRID observation was made on 2002 July
4 through the narrow-band K-cont filter (λ = 2.27µm,
∆λ = 0.03µm). One hundred 3-sec integrations of WR140,
dithered in a five-point pattern on the chip, were combined
using Starlink ccdpack routines. These data were taken in
two runs, separated by sets of 10-s integrations of the PSF
star HD203856. Initially, the WR140 data in the two runs
were reduced separately to allow comparison of the two com-
bined images. Both showed very similar structures, giving
confidence that they were real. The images were then recon-
structed with the mem2d maximum entropy routine using
the combined images of HD203856 for the PSF. The recon-
structed image is shown in Fig. 2. The central wavelengths
of the K and K-cont filters are close enough for us to treat
the PHARO and INGRID images together, and we will refer
to them as ‘two-micron images’.
From the K-band light curve (Fig. 1), it can be seen
that the contrast, the difference between the total (dust +
star) and stellar emission (assumed to be equal to the pre-
outburst emission), fell from 0.85 to 0.35 mag during our
sequence of two-micron imaging observations.
The UIST observations were all made in the UKIRT
Service Observing programme. Image stabilization was pro-
vided by an active tip-tilt secondary. The observations were
taken by nodding the telescope to four points on the array,
subtracting adjacent frames and adding the pairs. The PSF
standards were observed on the same regions of the array
as WR140 and with the same jitter pattern. Individual in-
tegration times were typically 4 s in nbL′ and [3.99] and
0.4 s in M ′, repeated to give total integration times of, typ-
ically, 400 s on WR140. Preliminary reduction of the data
was done using oracdr, the pipeline data reduction at the
telescope. Final reduction, involving matching the centroids,
averaging the frames, and mem2d reconstruction was then
done using the Starlink packages kappa and ccdpack.
During the campaign, we observed through progres-
sively longer wavelength filters as the dust cooled and the
contrast at the shorter wavelengths fell. On 2002 November
20 and 2003 June 4 we used the narrow-band nbL′ (λ =
c© 2009 RAS, MNRAS 000, 1–21
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Figure 2. Images presented at the same scale (2.4 arcsec square) and orientation to show evolution of the dust emission from φ =
0.06 to 0.29. Superimposed on the grey-scale images are contours drawn at the same, equal logarithmic flux intervals (0.8 dex, 2 mag.).
The images are centred on the star (‘S’) and the positions of the dust emission features ‘C1’, etc., are given in Table 4. Top (left–
right): two-micron images observed on 2001 September 5 (φ = 0.06) and 2002 April 22 (φ = 0.15) with the PHARO/AO system on
the Hale telescope. The third and fourth images were observed within three weeks of each other at φ = 0.18, on 2002 July 4 with the
NAOMI/INGRID system on the WHT and on July 22 with the PHARO/AO system. The PSF was measured from the comparison star
observations to be 0.19 arcsec (FWHM). Bottom (left–right) Pairs of images through the nbL′ and [3.99] filters observed with UIST on
UKIRT on 2002 November 20 (φ = 0.23) and 2003 June 4 (φ = 0.29). Owing to the longer wavelengths of observations, their resolution
is about half that of the two-micron images, with typical PSFs of 0.36 arcsec (FWHM) measured from the comparison stars.
Table 3. Log of imaging observations of WR140 including wave-
lengths and pixel sizes.
Telescope: Date Phase λobs pixel
Instrument (µm) (mas)
Hale: PHARO 2001.68 0.06 2.2 25.0
Hale: PHARO 2002.31 0.15 2.2 25.0
WHT: INGRID 2002.51 0.18 2.27 38.0
Hale: PHARO 2002.56 0.18 2.2 25.0
UKIRT: UIST 2002.89 0.23 3.6 60.6
UKIRT: UIST 2002.89 0.23 3.99 61.5
UKIRT: UIST 2003.42 0.29 3.6 60.6
UKIRT: UIST 2003.42 0.29 3.99 61.5
Gemini: Michelle 2003.86 0.35 7.9 100.5
Gemini: Michelle 2003.86 0.35 12.5 100.5
Gemini: Michelle 2003.96 0.36 7.9 100.5
Gemini: Michelle 2003.96 0.36 12.5 100.5
Gemini: Michelle 2003.96 0.36 18.5 100.5
UKIRT: Michelle 2004.25 0.40 10.5 210
UKIRT: UIST 2004.49 0.43 3.6 60.6
UKIRT: UIST 2004.49 0.43 3.99 61.1
UKIRT: UIST 2004.49 0.43 4.68 63.5
UKIRT: UIST 2004.71 0.46 3.99 61.1
UKIRT: UIST 2004.71 0.46 4.68 63.5
UKIRT: UIST 2005.52 0.56 3.99 61.5
UKIRT: UIST 2005.52 0.56 4.68 63.6
3.6 µm) and [3.99] (λ = 3.99 µm) filters; on 2004 June 27,
we added the M ′ (λ = 4.68 µm) filter, which is similar to
the nbM filter used for the photometry. As the dust cooled
further, we dropped the nbL′ filter for the 2004 September
18 and 2005 July 21 observations. The longer wavelengths
and slightly smaller aperture of the telescope meant that
these images had about half the spatial resolution of our
two-micron images observed in 2002. From the comparison
stars, we measured PSFs of 0.36 arcsec (FWHM) at 3.99
µm, compared with 0.19 arcsec (FWHM) on the 2.27-µm
INGRID images.
The PSF standard for UIST observations in 2004–5 was
the UKIRT photometric standard HD201941, allowing cal-
ibration of the images. This yielded M ′ = 4.11, 4.16 and
4.34 at phases 0.43, 0.46 and 0.56 respectively, in excellent
agreement with the M/nbM light curve.
Images in the mid-IR were observed using Michelle on
Gemini North on 2003 November 9 and December 15. The
data were acquired in a regular chop-nod pattern, with an
on-chip 15-arcsec E–W chop throw and N–S nodding. For
combination of images coming from multiple exposures, we
used only the chopped images taken under active guidance
with a peripheral wavefront sensor. The images have resolu-
tions (0.50 arcsec at 7.9µm and 0.59 arcsec at 12.5µm, from
observations of the standard star PSFs) somewhat lower
than those of the UIST images because the longer wave-
c© 2009 RAS, MNRAS 000, 1–21
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lengths outweigh the advantages of the larger aperture of
Gemini.
Another mid-IR observation with Michelle, this time
on UKIRT, was made on 2004 March 31 in the UKIRT Ser-
vice Observing Programme. The secondary was chopped 15
arcsec N–S and the telescope nodded 15 arcsec E–W. The
final image was formed by matching the centroids of the
four stellar images and averaging them. The object and the
standard (BS 7525) were observed on the same region of
the array with the same nod and chop offsets and exposure
times. Preliminary reduction of these data used oracdr,
and final reduction, involving matching the centroids, aver-
aging the frames, and mem2d reconstruction used the Star-
link packages kappa and ccdpack. The derived magnitude,
N = 2.9 ± 0.2, of the (star+dust) system at phase 0.40 is
consistent with the [8.75] and [12.5]-band light curves.
3 EVOLUTION OF THE DUST EMISSION
AND EXPANSION OF THE CLOUD
3.1 Photometry and properties of the dust grains
The new data strengthen the determination of the pre-
eruption SED, for which we adopt: H = 5.43, K = 5.12, L′
= 4.82,M/nbM = 4.53, [8.75] = 3.95, [12.5] = 3.2 and [19.5]
= 2.8. They also define the stellar SED, i.e. neglecting any
contribution from dust made in the 1993 and earlier erup-
tions (see below). These are used as a baseline for modelling
the post-eruption SEDs and in Section 3.5 for calibrating the
images, assuming the stellar flux not to vary over the period
of the imaging observations – a view supported by the op-
tical monitoring (MM03), which shows long-term stability
between periastron passages.
Comparison of the new data with those in Paper I and
Williams et al. (1978) shows that the behaviour followed
that observed from previous periastron passages and allows
re-examination of the photometric period. Lafler-Kinman
period searches on the data in the fading branches of the H ,
K and L′ light curves give periods of 2905± 8, 2900± 4 and
2905±10 d. respectively, slightly longer than the 2900±10 d.
found in Paper I and the RV period (2899± 1.3 d., MM03).
We adopt a weighted mean period of 2900 d. Unfortunately,
we were not able to observe the much steeper rising branches
of the light curve in either 1993 or 2001 which, with the 1985
rise, would give a significantly more precise period.
Using this period and MM03’s T0, we produced light
curves gridded to intervals of 0.02P (0.01P for 0 < φ < 0.1)
at three representative wavelengths (Fig. 1) to illustrate the
level of dust emission relative to that of the star at the phases
of the imaging observations, and summarise the evolution of
the dust emission. To show the beginning and duration of
the condensation of new grains, we show (Fig. 5) the K-
band light curve near periastron based on individual mag-
nitudes observed during the 1985 and 1993 events. Phased
light curves in more filters, albeit based on fewer data, were
given in Paper 1.
The light curves track the evolution of the dust emis-
sion integrated over all the individual features comprising
different masses of dust at different temperatures. An av-
erage dust temperature, 〈Tg〉, can be determined for the
dust at each phase by fitting the multi-wavelength photom-
Figure 5. Light curve of WR140 near periastron inK with obser-
vations from the 1985 (squares) and 1993 (circles) maxima. The
horizontal line represents the level of the stellar wind emission.
etry with optically thin emission by carbon grains after cor-
recting for interstellar reddening and subtracting the stellar
SED, as in Paper 1. Here we adopted AV = 2.9 (Morris et
al. 1993) and absorption coefficients of the ‘ACAR’ amor-
phous carbon grains prepared in an inert (Argon) atmo-
sphere in the laboratory by Colangeli et al. (1995). Cross-
sections were calculated using the optical properties for this
sample given by Zubko et al. (1996). Model SEDs calculated
using the ‘ACAR’ data gave a better fit to broad features in
the 5.5–6.5 µm ISO spectra of dust-making WC8–10 stars
(Williams, van der Hucht & Morris, 1998) than those based
on the ‘ACH2’ grains produced by Colangeli et al. in a hy-
drogen atmosphere – as one might expect for grains formed
in hydrogen-poor WC stellar winds. The temperature, Tg, of
a grain is determined primarily by its radiative equilibrium
in the stellar radiation field at distances, rO and rW from
the O5 and WC7 stars:
4Qa(a, Tg)T
4
g =
Qa(a, TO)T
4
O
(rO/RO)2
+
Qa(a, TW)T
4
W
(rW/RW)2
,
where Qa(a, T ) are the Planck mean absorption cross-
sections appropriate to the grain or stellar temperature for
grains of radius a, and the factor 4 is for spherical grains. The
ACAR grains have Qa(a, Tg) ∝ T 1.2g in the relevant temper-
ature range, so the radiative-equilibrium grain temperature
falls off with distance as Tg ∝ r−0.38 for constant grain size
and stellar luminosity. We assume the distance between the
two stars is much smaller than that of the dust to either, and
use r for rO and rW. We can derive distances correspond-
ing to the average temperatures, allowing us to track the
movement of the dust away from the stars, especially in the
early phases when the dust emission has not been imaged.
The dust inherits the velocity of the compressed wind from
which it condenses and will then be accelerated by radiation
pressure so, in the absence of any other effect, newly made
dust will cool as it moves from the stars, and its emission
will fade.
Fits to the H to [19.5] and H to [12.5] data at phases
0.01 and 0.02 gave 〈Tg〉 ≃ 1100K and dust masses Mg =
2×10−8 and 3×10−8M⊙. The approximate constancy of 〈Tg〉
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Figure 3. Images presented at a larger scale (4 arcsec square) to show later evolution of the dust emission (φ = 0.35 − 0.56); the
orientations and contour intervals are as in Fig. 2. Top row (l–r): Pairs of images observed with Michelle on Gemini North through the
narrow-band 7.9-µm and 12.5-µm filters on 2003 November 9 (φ = 0.35) and December 15 (φ = 0.36). The PSFs of the comparison
stars were measured to be 0.50 arcsec at 7.9µm and 0.59 arcsec at 12.5µm, slightly larger than those of the UKIRT/UIST nbL′ and
[3.99] images as the longer wavelengths are partly compensated for by the larger aperture of Gemini. Middle row (l–r): Image at 10.5µm
observed with Michelle on UKIRT on 2004 March 31 (φ = 0.40), which has the lowest resolution (PSF 0.8 arcsec FWHM) on account
of the wavelength and telescope aperture, followed by three images observed with UIST on UKIRT on 2004 June 27 (φ = 0.43) through
the nbL′, [3.99] and M ′ filters. We are not sure we have measured ‘E’ in these and find compact features considered to be an artefacts
(e.g. ‘NW’, see text) nearer the star. These appear in the subsequent images below, and do not share the movement of the dust features
away from the star. Bottom row (l–r): Pairs of images observed with UKIRT/UIST through the [3.99] and M ′ filters on 2004 September
25 (φ = 0.46) and 2005 July 21 (φ = 0.56).
and therefore the radiative-equilibrium r at these phases
while the dust mass rose can be interpreted as continued
condensation of new dust at a fixed distance from the stars.
This is the nucleation radius, the closest to the stars that
grains can survive sublimation. At φ = 0.00, we have only
JHKL′ data and the fit to them gives 〈Tg〉 ≃ 1200 K and
Mg = 2 × 10−10M⊙ or, fixing the temperature at 1100 K,
Mg = 3×10−10M⊙, so it is evident that dust formation had
just begun at periastron. This is supported by the individual
JHK observations, which show (e.g. Fig. 5) no significant
excess over wind emission at phases φ = 0.844 and 0.999
and a broad maximum around φ = 0.025. By φ = 0.03, the
JHKL′ magnitudes and temperature were falling, indicat-
ing that no new dust was condensing to replenish the dust
carried away with the wind. From φ = 0.03 to φ = 0.12, the
near-IR flux fell while the mid-IR flux rose to maximum.
The model fits to the SEDs show that the dust mass dou-
bled to 6×10−8M⊙ while 〈Tg〉 fell to 800 K. This suggests
that the increase of dust mass was caused by the growth
of the recently formed grains at their equilibrium temper-
ature rather than by the condensation of fresh grains at
Tg ≃ 1100K. Zubko (1998) has shown that carbon grains
in WC9 stellar winds grow to a ∼ 100A˚ by implantation of
impinging carbon ions as they move through the wind af-
ter acceleration by radiation pressure. Evidence for larger
grains made in WR140 comes from eclipses observed in the
optical light curves between phases 0.020 and 0.055, from
which MM03 derived a typical size of 0.069 µm (690A˚) for
dust grains in our line of sight to the star.
The K and L′ light curves show an inflexion at φ =
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Figure 4. Images at a larger scale (8 arcsec square) to show the faint emission features believed to be the remnants of the dust formed
in the 1993 episode, including ‘F’ and ‘G’, which have P.A.s very close to those of ‘C0’ and ‘C1’ and distances consistent with their
being one period older (Section 3.2). Left: the 2003 December 12.5-µm image with lowest contour level (3.7σ sky) well below that (20 σ
sky) in the corresponding image in Fig. 3. Centre: the November and December 12.5-µm images combined, and plotted with an intensity
scale chosen to emphasise the faint emission features. Right: The unreconstructed 2004 September 25 M ′ image at an intensity scale
chosen to bring out the fainter emission, including ‘F’ on the outskirts of the central emission the equivalent of ‘C0’ formed in the 1993
dust-formation episode.
Table 4. Position angles (P.A., deg. East of North) and projected distances (ξ, mas), relative to the central star, of dust ‘knots’ identified
in the IR images. The positions from the Keck observations come from MTD except those marked (*), which were made by ourselves
from their 2.21-µm image or the 3.08-µm image in Tuthill et al. (2003).
Tel: Inst Date Phase λobs knot C1 knot C0 knot D knot E
(µm) P.A. ξ P.A. ξ P.A. ξ P.A. ξ
Keck (MTD) 2001.45 0.04 2.21 231 54 134 77 113 110
Keck (MTD) 2001.58 0.06 2.21 227 76 *154 *64 136 125 113 172
Keck (Tuthill et al.) 2001.58 0.06 3.08 *229 *91 *133 *99 *114 *175
Hale: PHARO 2002.31 0.15 2.2 216 278 161 204
WHT: INGRID 2002.51 0.18 2.27 219 343 157 290 124 419
Hale: PHARO 2002.56 0.18 2.2 217 352 157 261 115 467
UKIRT: UIST 2002.89 0.23 3.6 217 498 163 330
UKIRT: UIST 2002.89 0.23 3.99 216 460 168 360 115 577
UKIRT: UIST 2003.42 0.29 3.6 209 626 158 526 118 729
UKIRT: UIST 2003.42 0.29 3.99 217 601 156 491 119 759
Gemini: Michelle 2003.86 0.35 7.9 214 714 153 553 112 812
Gemini: Michelle 2003.86 0.35 12.5 213 736 157 603 107 842
Gemini: Michelle 2003.96 0.36 7.9 214 755 141 654 102 976
Gemini: Michelle 2003.96 0.36 12.5 213 780 145 632 110 960
UKIRT: Michelle 2004.25 0.40 10.5 215 874 162 684
UKIRT: UIST 2004.49 0.43 3.6 216 926 148 766
UKIRT: UIST 2004.49 0.43 3.99 219 986 149 749
UKIRT: UIST 2004.49 0.43 4.68 218 966 157 727
UKIRT: UIST 2004.71 0.46 3.99 216 1055 149 781
UKIRT: UIST 2004.71 0.46 4.68 218 1072 154 778
UKIRT: UIST 2005.52 0.56 3.99 218 1363 149 1079
UKIRT: UIST 2005.52 0.56 4.68 218 1326 150 1013
0.14, suggesting a short-lived increase in dust emission. The
UBV photometry (MM03) does not show brightening at
this time, so we ascribe the extra emission to an increase
of dust formation rather than increased radiative heating of
the dust. The H photometry does not show any interuption
in its fading at this phase, suggesting that the brightening at
K and L′ does not come from the condensation of new, hot
dust but from a temporary increase in grain growth rate.
After φ = 0.14, the fading continues at all wave-
lengths and the dust cools as expected. The total mass,
however, falls from its maximum of 6.5×10−8M⊙ to less
than 2×10−8M⊙ at phase 0.56. This may be an artefact
arising from our use of isothermal dust models, but a sim-
ilar effect was observed when modelling the then available
IR photometry with radially extended dust parcels having
an appropriate range of Tg in Paper 1, so we believe the ef-
fect to be real. It suggests that, as grains move through the
wind, the rate of destruction by thermal sputtering eventu-
ally overtakes that of growth by implantation of carbon ions
(cf. Zubko 1998) and grains are destroyed.
The temperatures and dust masses derived here differ
from those in Paper 1 because we used different optical con-
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stants for the grains. We note that the condensation tem-
perature, 1100 K, found here is lower than those found from
modelling WC9 SEDs by Zubko (1998) or modelling the dust
pinwheel about WR104 by Harries et al. (2004) using the
same ‘ACAR’ dust analogue and optical coefficients. This
suggests that, either the dust formed by WR140 has differ-
ent optical properties from that made by the WC9 stars, or
that a difference in conditions, e.g. stronger radiation field
or faster stellar winds, affects the condensation.
We estimate the nucleation radius, the distance from
the stars corresponding to the condensation temperature,
by modelling the heating of the dust. Because the UV-
optical spectra of hot stars are not Planckian, we calcu-
lated model atmosphere analogues of Planck mean cross-
sections Qa(a, TO) and Qa(a, TW) using the 35kK WM-Basic
O-star model fluxes tabulated by Smith, Norris & Crowther
(2002) for the O5 star, and their 70kK CMFGEN WC model
fluxes for the WC7 component, and absorption coefficients
for small ACAR grains. The temperature chosen for the O-
star model comes from the calibration of WM-Basic models
by Garcia & Bianca (2004) and our revised type of O5. The
luminosity and radius of the O5 star were determined by
fitting the WM-Basic flux to its de-reddened v magnitude
and the distance of 1850 pc determined by Dougherty et
al. (2005), giving RO = 26R⊙ and log (L/L⊙) = 5.93. The
luminosity is lower than that (log (L/L⊙) = 6.18) adopted
by Pittard & Dougherty (2006) and close to the typical val-
ues (5.6–5.93) given for O5 I–III stars by Repolust, Puls &
Herrero (2004). We retained the Pittard & Dougherty lu-
minosity of the WC7 star (log (L/L⊙) = 5.5); it provides
about one-quarter of the radiation heating the grains.
The equilibrium distance corresponding to Tg = 1100K
for small (10–50A˚) grains is r ≃ 630 au. For a distance
of 1850 pc (Dougherty et al. 2005), this would subtend
340 mas, significantly greater than the distances (54–220
mas) at which MTD observed condensations in 2001 June
(φ = 0.039). Larger grains are relatively more efficient at
cooling, e.g., 0.1-µm grains would attain Tg = 1100K at
r ≃ 235 au, but large grains have to start as condensation
nuclei, so this cannot account for the discrepancy. Nor is
it likely to be an inclination effect: although the inclination
angles of the trajectories of these dust clouds are not known,
comparison of their projected velocities (MTD and Section
3.3) with the wind velocities suggests low inclinations. Nor
is it a consequence of the adopted distance to WR140: if
WR140 were closer, the stars would be less luminous, their
radii smaller, the radiative equilibrium distance to the dust
smaller in proportion, but the angular equilibrium distance
would be unchanged. The compressed winds within which
the grains condense may provide some shielding from the
stellar radiation, but only a difference in dust properties
can account for most of the discrepancy.
A comparison of several laboratory analogues of cos-
mic amorphous carbon grains by Andersen, Lodl & Ho¨fner
(1999) shows that their absorption efficiencies have fairly
similar wavelength dependencies (κ ∝ λ−1.1 in the IR, but
absolute values and ratios of ultraviolet-to-IR coefficients
ranging by a factor of ∼ 5. Consequently, while the grain
temperatures derived from fitting IR SEDs are relatively in-
sensitive to the choice of grain sample, the absolute dust
masses and the distances derived from grain temperatures
through equilibrium in hot star radiation do depend on the
choice of sample2.
We suggest that the dust formed by WR140 has a lower
ratio of ultraviolet to IR opacities than the ‘ACAR’ sample.
For a rough approximation, we introduce a scaling factor
to the UV opacity scale so as to produce an equilibrium
temperature at a typical distance (150 au) of a condensation
in MTD’s 2001 June image equal to that determined from
the SED, 〈Tg〉 = 980K, at that phase (φ = 0.039), using
a grain size of 100A˚ to allow for grain growth. With this
scaling, the equilibrium distance for small grains would then
be a more plausible 125 au.
We continue by applying the same scale factor to calcu-
late the Planck mean cross-sections for radiation pressure,
Qpr(a, T⋆) and hence the acceleration of the grains:
r¨ =
3σ
4acsg
(
Qpr(a, TO)T
4
O
(rO/RO)2
+
Qpr(a, TW)T
4
W
(rW/RW)2
)
.
Assuming a bulk density sg = 2 g cm
−3 for the grain ma-
terial, the acceleration at r = 125 au would be about 33
km s−1 per day for a 10-A˚ grain and not much less, 30
km s−1 per day, for a 100-A˚ grain. After only a few days,
the grains would have significant drift velocities, u, relative
to the material in which they formed. The principal limi-
tation on the acceleration is supersonic drag, which is ap-
proximately proportional to u2 and the local density, ρ(r).
As the grains accelerate, the drag increases until it balances
the radiation pressure. If the grains are moving through a
wind having ρ(r) ∝ r−2, both forces are proportional to r−2,
and the grains will take up a terminal drift velocity relative
to the wind. The imaging observations allow us to estimate
this velocity (Section 3.3).
3.2 The images and expansion of the dust cloud
Our images of WR140 in Figs 2–4 do not resolve the bi-
nary itself, which we will refer to as the star here. To allow
easy intercomparison, the two-micron images and the first
sets of UIST images (Fig. 2) have been plotted on a com-
mon scale (2.4 arcsec square), and most of the subsequent
images (Fig. 3) on a larger (4 arcsec square) common scale
to accommodate the expanded dust cloud.
The first PHARO observation (Fig. 2) was made five
weeks after the 2001 July 30 Keck observations by MTD
and Tuthill et al. (2003). It shows extended emission to the
South and East of the central star, consistent with the Keck
images, but does not resolve the dust emission features.
By the time of the second PHARO observation in 2002
April, the cloud had expanded sufficiently for us to re-
solve some of the dust features previously observed in the
Keck images. Following MTD, we identified prominent dust-
emission peaks and measured their positions relative to the
star. The position angles (P.A., E of N) and projected dis-
tances (ξ) are given in Table 4. At the scale of these images,
uncertainties of ±1 pixel in the measured positions yield
2 Planck mean cross-sections of the different samples at typical
grain temperatures have similar temperature dependence, so the
r−0.38 rate at which Tg falls off with distance is also fairly in-
sensitive to choice of sample, as are the relative masses of dust
determined from SEDs observed at different phases.
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uncertainties of 5◦ in P.A. and 30 mas in ξ. The principal
feature apparent in the images here is a ‘bar’ of emission
(marked ‘bar’ in Fig. 2) to the South of the central star
(marked ‘S’), and extending E–W. The ‘bar’ is evident in
the 2.26-µm Keck image of 2001 July (Tuthill et al. 2003),
but only the peaks at the two ends are seen in their 3.08-
µm image observed on the same date. We label the emission
peaks at the E and W ends of the ‘bar’ as ‘C0’ and ‘C1’ in
all our images. Comparison of the morphology of the ‘bar’
structure in the Keck images and those presented here sug-
gests a connection between ‘C1’ and their ‘Feature C’ but
the P.A.s differ by about 12◦, arguing against their being
the same physical entity in radial expansion. We estimated
the P.A. of a concentration having a P.A. similar to that of
‘C1’ in the published 2001 July 2.21-µm Keck image and
give its position in Table 4.
Our April PHARO image shows other structures seen
in the Keck images, notably the ‘arm’ to the East, which
lies further from the star than the ‘bar’, and an intermedi-
ate concentration which we tentatively identify with MTD’s
‘Feature D’ on the basis of its P.A. (Table 4). We measured
the K-band flux of the whole structure using a 0.9-arcsec
software aperture and that of the star alone with a 0.18-
arcsec aperture, and determined a difference of 0.6 mag.
This difference is consistent with the K-band light curve
(Fig. 1) at the time of observation.
The next two images in Fig. 2 come from observations
made within three weeks of each other (July 4 and July 25)
using two different instruments, (INGRID and PHARO) and
reduced independently using different software suites. As-
suming there was no significant change in the morphology
of the dust emission (apart from expansion of the cloud)
during this time, comparison of the images provides an ex-
cellent external check on the veracity of the structures re-
vealed in the maximum-entropy reconstructions. Again, the
most conspicuous feature is the E–W ‘bar’ to the S, at the
ends of which we have measured the positions of ‘C0’ and
‘C1’. The P.A.s (Table 4) agree well with those observed in
the April image, and the radial distances show continued
expansion of the dust structure. We measured the intensity
profiles of ‘C1’, finding it to be extended E–W, but unre-
solved N–S, consistent with its being a concentration in a
thin, elongated structure. Although we refer to dust emis-
sion features as ‘concentrations’, we are aware that these are
not necessarily physical clumps. The dust is optically thin
in the IR (Paper 1) and we expect it to form extended, hol-
low structures owing to its origin in a hollow, thin WCR (cf.
Section 4.2), so that the brightest emission could be coming
from the limb-brightened edges of the structures.
Both the INGRID and PHARO images show the ‘arms’
of emission to the East of the star, but somewhat differing
in form: that in the PHARO image has the same angular
extent (P.A. 15◦–125◦) as in the Keck images, while that in
the INGRID image is truncated, perhaps in the image de-
convolution. We measured an emission peak at a P.A. close
to MTD’s Feature ‘E’ in the PHARO image and tentatively
one about 10◦ in P.A. from their ‘Feature D’ in the INGRID
image (Table 4). We observe extended emission near MTD’s
‘Feature A’ at the N ends of the ‘arms’ but not their ‘Feature
B’ to the NW of the star.
The UIST observations were made at longer wave-
lengths, initially 3.6 and 3.99 µm, where the contrast be-
tween dust and stellar emission was expected to be greater
(cf. Fig. 1). The 2002–3 UIST images in Fig. 2 all show the
‘bar’ to the South which, in the 2003 images, appears to
be resolved into three components, reminiscent of the IN-
GRID two-micron image. These structures, however, may
be a consequence of the reconstruction of faint diffuse emis-
sion in the presence of noise, which can produce spurious
concentrations. The N–S image profiles of ‘C1’ have half-
widths equal to that of the star, so the ‘bar’ is unresolved in
this direction. These images also show the ‘arm’ of emission
to the East, more evidently in the 3.99-µm images, in which
we identify knot ‘E’ but not much emission to the N of it,
let alone anything corresponding to MTD’s ‘Feature A’ at
the N end.
In the top panel of Fig. 3, we present the mid-infrared
images observed with Michelle on Gemini North. The struc-
tures of the dust clouds look very similar to those observed
earlier, and we can identify and measure most of the same
emission features. Their positions are included in Table 4.
The P.A.s of ‘E’ show some scatter as we measure different
points along the ‘arm’ owing to its relative faintness and
the fact that we are measuring a bright part of extended
emssion, but the radial distances are more certain and show
continued uniform expansion of the dust cloud.
The December 12.5-µm image shows faint emission fur-
ther south of the cloud which we identify as a remnant of
the dust formed at the time of the previous (1993) perias-
tron passage. This image is shown at lower scale in Fig. 4,
both with contours as in the other figures and in grey-scale
only, combined with the November image to bring out the
fainter emission. In the former, we have marked two features
‘F’ and ‘G’ which have position angles (150◦ and 215◦) very
close to the mean P.A.s of knots ‘C0’ (154◦) and ‘C1’ (216◦)
from all our observations (cf. Table 4). If ‘F’ and ‘G’ had
travelled from the star since the 1993 periastron passage,
their average proper motions over the intervening 10.6 years
would have been 235 and 319 mas y−1 respectively, in good
agreement with the average proper motions of ‘C0’ and ‘C1’
(244± 9 and 326± 7 mas y−1) determined from our 2002–5
observations (Table 5, Section 3.3).
The continued linear expansion of the dust cloud points
to expansion into a low density circumstellar environment,
essentially the cavity blown by the stellar winds of the two
components during their main-sequence lifetimes and ob-
served as a minimum in H i emission by Arnal (2001). The
cavity has a diameter of 110′ and is also seen as a ragged
shell at IRAS wavelengths (Marston 1996). Its dynamical
age (> 1 million y) suggests that it was formed during the
earlier O-star phase of the WC7 star.
In 2004, we re-observed WR140 in the mid-IR using
Michelle, but this time on UKIRT. The resolution of the
image (Fig. 3) is lower than those of the Gemini observa-
tions owing to the smaller aperture of the telescope, but the
principal dust features were still observable and we give the
positions of ‘C1’ and ‘C0’ in Table 4. The P.A. of ‘C0’ dif-
fers by 8◦ from the average P.A. (154◦) for this feature —
which equates to half a relatively large (210 mas) pixel in
this instrument on UKIRT. The P.A. of ‘C1’ agrees with the
average within a small fraction of a pixel, and the radial dis-
tances of both features fit the linear expansion (Fig 6, Table
5) to within a quarter pixel.
The other three images in the middle panel of Fig. 3
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were observed with UIST on 2004 June 27, when the con-
trast between stellar and dust emission was much lower (cf.
the L′-band light curve in Fig. 1). The principal dust feature,
the ‘bar’ including ‘C0’ and ‘C1’, is clearly present (and seen
in the raw images). We also observe compact features nearer
the star, one to the NW (marked ‘NW’) at all three wave-
lengths. The M ′ UIST images observed in 2004 September
and 2005 July (bottom panel of Fig. 3) also show compact
features to the NW, but the insignificance of the proper mo-
tion from these three observations, 17± 28 mas y−1, shows
that ‘NW’ is not a dust feature moving from the star or a re-
appearance of MTD’s ‘Feature B’, which had a similar P.A.
The [3.99] and M ′ 2004 June images also show a concen-
tration at the same P.A. as ‘C1’ but closer to the star, but
this is not seen in the later images. The radial distances of
all these concentrations show a strong correlation with the
wavelength of the observation, and the average distance is
proportional to wavelength, being about 15 per cent greater
than the radius of the first Airy ring (1.′′635λ/D), so we
consider them to be instrumental artefacts. This is a char-
acteristic bias of MEM-deconvolved images of a point source
embedded in extended emission (Monnier 2003) and are seen
only in our later images because of the relative faintness of
the dust emission features.
The positions of ‘C1’ and ‘C0’ are included in Table
4, and confirm the continued motion of the southern dust
feature(s) (Fig. 6). The ‘arm’ is seen in the 3.99-µm images
but is getting lost in the noise, and it is not possible to
identify ‘E’ with enough confidence to track its position.
The 2004 September and 2005 July images follow the same
pattern: confirmation of the expansion of the southern dust-
emission peaks (Table 4, Fig. 6) and presence of the eastern
‘arm’, but no concentration corresponding to ‘E’.
We examined the UIST images for traces of the dust
formed in the 1993 episode, such as those seen in the 12.5-
µm image. Only the M ′ image observed on 2004 September
18, when the water vapour content above the telescope was
very low, shows emission near the expected position (Fig. 4,
a direct image without MEM-reconstruction to avoid possi-
ble introduction of artefacts). We observed a faint patch at
P.A. 216◦, close to that of ‘C1’, located 3568 mas from the
star. If this is dust formed in the 1993 episode, the mean
proper motion over the intervening 1.46 P would be 308
mas y−1, smaller than the 319 mas y−1 for the correspond-
ing feature in the 12.5-µm image observed in 2003 and the
average proper motion of ‘C1’, 326 ± 7 mas y−1) from our
2002–5 observations (Table 5), suggesting that the dust may
be slowing down. The outskirts of the central image shows
extended emission to the SW, which we have marked ‘F’
at P.A. = 155◦, at a distance of 2694 mas. If this is dust
formed in the 1993 episode, the mean proper motion would
be 232 mas y−1, close to that of corresponding feature in
the 12.5-µm image and mean proper motion of ‘C0’ (244±9
mas y−1, Table 5), so we believe this is the remnant of ‘C0’
formed in the 1993 dust formation episode.
3.3 Proper motions of the dust emission features
The positions of the labelled dust concentrations are used
to characterize the motion of the dust clouds away from
the star. As can be seen from Table 4, the P.A.s of ‘C1’
measured from our images fall in a narrow range, having an
Figure 6. Angular distances (ξ) of prominent dust emission
features ‘C1’, ‘C0’ and ‘E’ plotted against date (Table 4). The
straight lines are linear fits to our data and the Keck observa-
tions of ‘Feature E’, which we identify with our ‘E’.
Table 5. Proper motions, projected velocities and ‘start’ (ξ = 0)
dates and phases of persistent dust emission features.
Knot P. M. Proj. vel. Date (ξ = 0) Phase (ξ = 0)
(mas/y) (km/s)
‘C1’ 326±7 2860±60 2001.50±0.08 0.050±0.011
‘C0’ 244±9 2140±76 2001.37±0.14 0.034±0.018
‘E’ 316±12 2767±105 2001.06±0.12 0.995±0.015
average 216◦±2◦ from 19 observations over three years. The
P.A.s of ‘C0’ and ‘E’ have averages 154◦ ± 6◦ and 112◦ ±
4◦ respectively. The scatter in P.A.s is comparable to the
observational uncertainties, so we believe that we are seeing
the same dust concentrations in radial expansion, greatly
extending the demonstration of homologous expansion of
the dust from the early images by MTD. This is shown in
Fig. 6, where the radial distances of ‘C1’, ‘C0’ and ‘E’ from
the central star are plotted.
The average of the P.A.s measured for ‘E’ is very close
to those of ‘Feature E’ given by MTD and measured by
ourselves from their published 3.08-µm image, so we believe
that these are the same physical entity and included both
in the fit to determine the proper motion.
We also identify a dust feature in the Keck 2.21-µm
image with our concentration ‘C0’. Its P.A. matches our
mean P.A. for ‘C0’ and its radial distance fits the linear
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expansion (Fig. 6) found for ‘C0’. We do not see it in the
Keck 2.26- and 3.08-µm images observed on the same date
(Tuthill et al. 2003), although the 2.26-µm image shows an
E–W structure consistent with the ‘bar’.
We did not plot ξ for MTD’s ‘Feature D’ and our ‘D’
from the INGRID image (Fig. 2), and are not confident that
they are the same entity since the dispersion in P.A. is much
greater than those of the persistent concentrations. Also, we
did not recover ‘D’ in any of our subsequent observations,
nor did we observe concentrations corresponding to MTD’s
Features ‘A’ or ‘B’.
Linear fits to the distances give the proper motions in
Table 5. Those of ‘E’ and ‘C1’ are very similar, while that
of ‘C0’ is significantly less. This could be caused by a lower
physical velocity or a different inclination angle of its tra-
jectory, which can in principle be tested by comparison of
its fading rate with that of ‘C1’ (Section 3.5).
We transform the observed proper motions to the trans-
verse velocities given in Table 5 assuming a distance of
1850 pc. The proper motions of ‘C1’ and ‘E’ are close to the
terminal velocity of the WC7 stellar wind (2860 km s−1, Ee-
nens & Williams 1994), but this is fortuitous: we expect the
velocities of the dust grains to be the sums of their terminal
drift velocities and those inherited from the wind in which
they formed. The relative constancy of the proper motions
points to constant terminal drift velocities in a ρ(r) ∝ r−2
environment where the acceleration and drag forces balance:
ρ(r)u2 =
σ
c
(
Qpr(a, TO)T
4
OR
2
O +Qpr(a, TW)T
4
WR
2
W
)
r−2.
There may a higher density region about 800 mas from
the stars in the direction of ‘E’, which slowed it down in 2003
as indicated by its radial distance measured from both the
images observed in 2003.86. Otherwise, the constancy of the
proper motions implies that the circumstellar environment
through which the dust is moving does have a ρ ∝ r−2 den-
sity distribution, as produced by a constant velocity wind,
with any irregularities in the interstellar medium long since
swept up into the ring observed with IRAS.
The initial velocity of the dust must be that of the dense
wind in which it condensed. The compressed wind material
in a wind-collision region (WCR) flows slowly near the stag-
nation point and accelerates as it moves further from the
stars. Canto´, Raga & Wilkin (1996) derived formulae for
the velocity of the shock-compressed wind flowing in a thin
shell along the contact discontinuity in terms of the wind
velocities of the two stars and the wind-momentum ratio,
η = (M˙v∞)O/(M˙v∞)WR. The asymptotic value for the ve-
locity of the compressed WC7 wind in WR140, using the
stellar winds of the WC7 and O5 stars from Paper 1 and,
e.g., η = 0.1 (VWA) would be 2373 km s−1, about 80 per
cent of the WC7 wind terminal velocity.
It is uncertain how well the ‘thin shell’ analytic model
can describe real, turbulent wind collisions as discussed by,
e.g., Walder & Folini 2002, but there is observational ev-
idence for sub-terminal velocities of compressed WC star
wind material in WCRs. Emission from such material is
observed in ‘sub-peaks’ on the broad emission lines of low-
excitation ions, notably the He i λ1.083µm and C iii λ5696A˚
lines. The evolution of the profile of the latter line in WR
colliding wind systems has been studied by several authors,
e.g. Lu¨hrs (1997), Hill, Moffat & St-Louis (2002) and, in the
case of WR140, MM03. The changing profile of the line as
the orbits progress has been modelled geometrically in terms
of emission by material flowing along the surface of a cone
(approximating the WCR far from the stars) at constant
velocity, giving values for the cone opening angle and flow
velocity. The flow velocities derived are typically ∼ 75 per
cent of the wind terminal velocities, with that for WR140
being 2300 ± 500 km s−1 (MM03). We therefore suggest
that the dust grains formed in WR140 had initial velocities
∼ 2400 km s−1 and were accelerated by radiation pressure
to achieve their observed constant velocities. This implies
drift velocities as high as ∼ 500 km s−1 through the local
compressed wind, which are rather high for survival of the
grains against sputtering by He and C ions.
3.4 ‘Start dates’ and dust-formation time-scales
The abscissae (Table 5) are related to the phases at which
the dust-forming plasma was initially compressed in the
densest part of the WCR, near the stagnation point be-
tween the stars. The stellar winds are compressed in the
WCR throughout the orbit, so we use the term ‘dust-forming
plasma’ to refer to wind sufficiently compressed to nucleate
dust as it flows further away from the stars. We refer to the
dates in (Table 5) as ‘start dates’ for convenience, but this
would be true only if the concentrations had constant veloci-
ties between their formation and our first measurements. We
expect the dust-forming plasma to have accelerated within
the WCR and the newly-formed dust to have accelerated
further by radiation pressure, so the dates when the dust-
forming plasma started its motion are earlier than those in
Table 5 from extrapolation to ξ = 0. This is evident from
the light curves, which showed that the nucleation of new
dust was complete by φ = 0.03 (Section 3.1, Fig. 5), before
the extrapolated ξ = 0 phases of ‘C0’ and ‘C1’, the strongest
dust features which would have dominated the infrared pho-
tometry. However, the interval between the first (‘E’) and
last (‘C1’) start dates (0.055 ± 0.018 P) is about twice the
duration (0.03 P) of dust nucleation inferred from the light
curves. Although the intervals can be reconciled within the
errors, the difference suggests that the delays between com-
pression of the dust-forming plasma and dust nucleation are
different for the different features. The alternative is that
the timing of the 2001 eruption was different from the 1985
and 1993 events, on which the light curves are based. We
do not have an infrared light curve for the 2001 eruption,
but the timing is loosely constrained by the 2000.69 mid-IR
photometry, showing that dust-formation had not started
at φ = 0.95, and the 2001.25 near-IR photometry showing
dust emission at φ = 0.02. Also, we know from the dilution of
the emission lines in the IR spectra observed by VWA that
dust formation began some time between 2001 January 3
and March 26 (φ = 0.989 − 0.017), and that between April
28 and May 21 (φ = 0.028 − 0.036) the near-IR emission
was fading, indicating that nucleation had stopped. This
is consistent with the previous eruptions. Also, the longer
wavelength images (Fig. 4, Section 3.2) showing dust fea-
tures from the 1993 eruption located at the same P.A.s as
the strongest features ‘C0’ and ‘C1’ from the 2001 eruption,
shows no reason to believe that the timing of the 2001 dust
formation differered from those of the previous episodes.
As the nucleation radius (∼ 125 au) is large compared
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with the dimensions of the orbit (c. 16 au), the flow times
will not vary significantly with the movement of the WCR
with phase. The implication of the difference in delays is that
nucleation does not always occur as soon as the dust-forming
plasma reaches the nucleation radius. If it is the case that
the nucleation of the earliest dust occurred less promptly
than that of ‘C1’ or ‘C0’, thereby shortening the nucleation
interval, the acceleration of the older dust by radiation pres-
sure would also have been delayed, and its ‘start date’ would
have been even earlier. This is considered further when we
compare the distribution of dust around the star with the
projected motion of the WCR around the orbit.
3.5 Photometry from the images
Contemporaneous imaging at different wavelengths allows
estimation of the IR colours of the circumstellar features
relative to those of the star. We measured the fluxes us-
ing software apertures on the images. The results from such
photometry must be viewed with caution because, as Mon-
nier (2003) points out, photometry of MEM-reconstructed
images is necessarily biased, leading to systematic lowering
of the estimated fluxes of compact sources. We used a small
aperture (typically 0.5 arcsec) on the star excluding, as far
as possible, the dust emission to calibrate the images and
a larger aperture, including the stellar and dust emission
(‘System’), to simulate the conventional photometry for a
consistency check. As the system evolved, we used succes-
sively larger apertures for the ‘System’ and dust features
but always took care to match the positions and numbers
of pixels included in the corresponding aperture on each set
of images observed at the same epoch to get the best esti-
mate of the colours. In addition to ‘C0’ and ‘C1’, measured
through 0.4–0.5-arcsec apertures, we included them and the
emission between them in a ‘bar’ aperture, increasing from
0.8×0.3 arcsec (E-W×N-S) at phase 0.23 to 1.5×0.4 arcsec
at phase 0.56. Most images show emission between ‘C0’ and
‘C1’, sometimes concentrated in a knot, suggesting that the
‘bar’ is a single structure having 2–3 regions of higher (pro-
jected) density, perhaps emphasised in the images by the
reconstruction process. This is supported by the close simi-
larity of the ‘start’ dates of ‘C0’ and ‘C1’, and not ruled out
by the difference in their proper motions. We also used rect-
angular apertures to measure flux from the ‘arm’, increasing
from 0.3×1.0 arcsec (E-W×N-S) at phase 0.23 to 0.4×1.7
arcsec at phase 0.46. These included ‘E’, which appears from
its earlier ‘start’ date to be a separate structure formed ear-
lier. This is consistent with the Keck images, which show a
tight concentration South of the star and a more diffuse one
to the East, about 120 mas more distant from the stars.
The results from the UIST images are given in Table
6, showing that all the features are significantly redder than
the star, as expected from heated circumstellar dust. In the
seven months between the φ = 0.23 and 0.29 observations,
the emission from the features fades relative to the star and,
in most cases, becomes redder, as expected from cooling
dust. The (nbL′–[3.99]) colours in the 2003 June image ap-
pear to be anomalously red, being comparable to those from
the 2004 June image observed a year later, and much greater
than those from the 2002 November image, probably due to
problem with the reconstruction of the 2003 nbL′ image.
We observed the fluxes from ‘C0’ and ‘C1’ to test from
Table 6. Photometry from the UIST images through software
apertures centred on the star and various dust emission features.
The ‘System’ aperture was centred on the star and aimed to in-
clude stellar and emission feature fluxes. The apertures for the
‘Bar’ and ‘Arm’ were rectangular and their dimensions are given
in the text. The nbL′, [3.99] and M ′ magnitudes and the colours
are given relative to the central star.
Feature Phase nbL′ [3.99] M ′ (nbL′ ([3.99]
–[3.99]) –M ′)
Star 0.0 0.0 0.0 0.0 0.0
‘C1’ 0.23 1.0 0.5 0.5
‘C1’ 0.29 2.0 1.3 0.7
‘C1’ 0.43 3.7 2.9 2.8 0.8 0.1
‘C1’ 0.46 3.1 2.9 0.2
‘C1’ 0.56 3.9 3.6 0.3
‘C0’ 0.23 0.7 0.3 0.4
‘C0’ 0.29 2.2 1.3 0.9
‘C0’ 0.43 3.4 2.8 2.5 0.6 0.3
‘C0’ 0.46 3.2 2.8 0.4
‘C0’ 0.56 3.9 3.5 0.4
‘Bar’ 0.23 -0.1 -0.5 0.4
‘Bar’ 0.29 1.2 0.4 0.8
‘Bar’ 0.43 2.3 1.7 1.6 0.6 0.1
‘Bar’ 0.46 1.9 1.6 0.3
‘Bar’ 0.56 3.0 2.3 0.7
‘Arm’ 0.23 2.0 1.6 0.4
‘Arm’ 0.29 2.6 1.9 0.7
‘Arm’ 0.43 5.2 3.4 3.9 1.8 -0.5
‘Arm’ 0.46 3.2 2.8 0.4
System 0.23 -1.0 -1.2 0.2
System 0.29 -0.4 -0.7 0.3
System 0.43 -0.2 -0.3 -0.3 0.1 0.0
System 0.46 -0.4 -0.4 0.0
System 0.56 -0.1 -0.2 0.1
their relative cooling rates whether their significantly dif-
ferent proper motions are caused by differences in the in-
clination angles of their trajectories or real differences in
expansion velocity. If the 75 per cent lower proper motion of
‘C0’ is attributable to a lower velocity, ‘C0’ would always be
closer to the stars. The dust temperature is expected to fall
off as Tg ∝ r−0.38 (Section 3.1) so the dust in ‘C0’ should
be about 12 per cent hotter than that in ‘C1’. This leads to
an emissivity ratio varying from 1.8 to 2.2 at 3.99µm (the
wavelength at which most observations are available) as the
dust cools so that, whatever the ratio of dust masses in ‘C0’
and ‘C1’, the [3.99] magnitude difference between the con-
centrations should widen as the dust fades. The fading of
the [3.99] magnitudes of ‘C1’ and ‘C0’ is compared in Fig. 7
and there is no evidence that ‘C1’ is fading more quickly.
Modelling the (nbL′–[3.99]), ([3.99]–M ′) and ([7.9]–
[11.5]) colours for the relevant temperatures leads us to ex-
pect that ‘C0’ should be ≃ 0.1 mag bluer than ‘C1’ if it were
moving more slowly, but the observed colours (Table 6–7)
do not support this: (nbL′–[3.99]) are bluer, ([3.99]–M ′) are
redder, and ([7.9]–[11.5]) are the same. We therefore consider
it more likely that ‘C0’ and ‘C1’ are at the same temperature
and distance from the star, and that the difference in proper
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Figure 7. Comparison of [3.99] magnitidues of ‘C1’ (• and broken
line) and ‘C0’ (◦) relative to the central star.
motion is attributable to a difference in the inclination an-
gles of their trajectories of to our line of sight. This does not
rule out the possibility that they might be concentrations in
the same physical structure.
The dust photometry can be calibrated via the star.
From the pre-outburst photometry (Section 3.1), we used
M ′ = 4.53 and [12.5] = 3.25, and interpolated nbL′ = 4.85,
[3.99] = 4.75, and [7.9] = 3.95 for the dust-free star. The
System (star+dust) magnitudes provide a consistency check.
For example, the differences in Table 6 give System magni-
tudes nbL′ = 3.9 and [3.99] = 3.6 in 2002 November (φ =
0.23) and nbL′ = 4.4 and [3.99] = 4.0 in 2003 June (φ =
0.29), which compare well with the L′ ≃ 3.93 and 4.15 for
these two phases on the photometric light curve. Similarly,
the differences in Table 7 give System magnitudes [7.9] = 2.7
and [12.5] = 2.2 at phases 0.33 and 0.34, consistent with the
photometry at phase 0.34: [8.75] = 2.8 and [12.5] = 2.3. As
noted above, the calibrated 2004–5 UIST images gave M ′
magnitudes of the combined system in excellent agreement
with the M/nbM light curve. They agree also with the sys-
tem magnitudes derived from the pre-outburst calibration
and the differences in Table 6.
The imaging observations cover too short a baseline in
wavelength for determining the temperature of the dust, but
we can check for consistency using the average dust temper-
ature derived from fitting the 2–20 µm SEDs. At phase 0.26
(between the 2002 and 2003 imaging observations), the fit
gave 〈Tg〉 ≃ 700 K and emission from dust at this temper-
ature has (nbL′–[3.99]) = 0.35, which is 0.25 mag redder
than the star. The (nbL′–[3.99]) differences from the 2002
November (φ = 0.23) image are slightly greater than this,
but those from the 2003 June (φ = 0.29) image significantly
greater, as noted above. The final UIST image was also ob-
served at a phase (φ = 0.56) close to one at which we have
Table 7. Photometry of features and the star+dust system from
the Gemini images. The [7.9], [12.5] and [18.5] magnitudes and
([7.9]–[12.5]) colour are relative to the central star.
Feature Phase [7.9] [12.5] [18.5] ([7.9]–[12.5])
Star 0.0 0.0 0.0 0.0
‘C1’ 0.35 0.8 1.1 -0.3
‘C1’ 0.36 0.9 1.1 1.3 -0.2
‘C0’ 0.35 0.4 0.7 -0.3
‘C0’ 0.36 0.6 0.8 1.2 -0.2
‘Bar’ 0.35 -0.4 -0.1 -0.3
‘Bar’ 0.36 -0.4 -0.1 0.2 -0.3
‘Arm’ 0.36 1.2 1.4 1.3 -0.2
System 0.36 -1.2 -1.0 -0.9 -0.2
photometry out to 20 µm. That SED gives 〈Tg〉 ≃ 530 K,
which has ([3.99]–M ′) = 0.6, reasonably consistent with the
differences in Table 6.
Photometry through software apertures on the Michelle
images is given in Table 7. Counter-intuitively, the dust is
bluer in ([7.9]–[12.5]) than the star. This is correct. It oc-
curs because, at the time of the observations, the dust emis-
sion peaked at a wavelength shorter than those of the obser-
vations, and the Rayleigh-Jeans tail of the Planckian dust
spectrum is steeper than the spectrum of the free-free emis-
sion from the stellar wind. From fitting the 3.5- to 20-µm
SED for phase 0.34, we get 〈Tg〉 ≃ 600 K, giving a model
colour ([7.9]–[12.5]) ≃ 0.25. From the pre-outburst photom-
etry (Section 3.1), we interpolate ([7.9]–[12.5]) = 0.75 for
the star, which is about 0.5 mag redder than the dust fea-
tures, comparable with our images (Table 7). The calibrated
System colours from the images are ([7.9]–[12.5]) = 0.5–0.6,
consistent with the ([8.75]–[12.5]) = 0.5 observed at phase
0.33.
We examined the evolution of the dust mass in the
most persistent feature, the ‘bar’, and used the [3.99] mag-
nitudes in Tables 6, the longest dataset and at a wavelength
near the dust SED peak. We calculated dust emissivity from
grain temperatures Tg estimated by interpolating amongst
the 〈Tg〉 determined from fitting the multi-band H to [19.5]
data at those phases at which photometry over the full wave-
length range was available. The ‘bar’ dominates the dust
emission, so this should give reasonable estimates of its tem-
perature. The relative dust masses derived (Table 8) are in-
dependent of grain emission coefficient but do rely on the
star being constant at 3.99 µm. They show that the mass of
dust falling steadily during the period covered, but at about
twice the rate at which the total dust mass was found to fall
in the same phase interval from modelling the photometry
(cf. Section 3.1) to which the ‘bar’ flux makes a significant
contribution. This suggests that, as the dust emission fades
to approach the noise level in the images, we are progres-
sively losing flux in the reconstructed images and that the
reduction of dust mass in Table 8 is an overestimate.
The emission from the dust ‘arm’ is fainter than that
from the ‘bar’ in all the images in which emission from both
could be measured, pointing to a lower mass of dust in the
‘arm’. The emissivity will also be lower if the dust is cooler
than that in the ‘bar’, which will be the case if it is more
distant from the stars, as is suggested by the projected dis-
tances of the features (Table 4). This is supported by the
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Table 8. Evolution of the relative dust mass, Md, in the ‘bar’,
along with the measured [3.99] difference and adopted tempera-
ture.
Date Phase [3.99] Tg Rel. Md
2002.89 0.23 -0.50 730 1.00
2003.42 0.29 0.44 665 0.68
2004.49 0.43 1.71 565 0.55
2004.71 0.46 1.87 555 0.54
2005.52 0.56 2.98 530 0.26
(nbL′–[3.99]), ([3.99]–M ′) and ([7.9]–[12.5]) colours of the
‘arm’, which are slightly redder or the same as those of the
‘bar’. The baselines are too short to determine grain tem-
peratures from fitting the colours, so we use the radiative
equilibrium temperature ratios, Tg ∝ r−0.38, assuming that
the ratios of the distances of the ‘arm’ and ‘bar’ from the
stars was equal to that of the projected distances (Table 4)
measured from the images, to estimate temperatures. We
use these to form synthetic colours and check them for con-
sistency with those observed.
The projected distances of ‘E’ and ‘C1’ at the times
of the 2002 and 2003 UIST observations suggest that the
dust in the ‘arm’ would be about 50 K cooler than that in
the ‘bar’. This would account for only 0.4 mag of the dif-
ference in [3.99] and 0.04 mag in (nbL′–[3.99]). The colour
difference is consistent with those in Table 6. The balance
of the flux differences from the 2002 and 2003 observations
suggests that mass of dust in the ‘arm’ was lower than that
in the ‘bar’ by a factor of ≃ 4. Similarly, we get a 40-K dif-
ference in ‘bar’ and ‘arm’ temperatures at the time of the
2003 Gemini observations, accounting for 0.23 mag of the
difference in [7.9] and 0.07 mag in ([7.9]–[12.5]). The mea-
sured differences in ([7.9]–[12.5]) are greater (0.1 and 0.2
mag, Table 7, implying a greater temperature difference, for
which we adopt 60 K. This accounts for 0.35 mag (at 7.9
µm) of the differences between ‘bar’ and ‘arm’ fluxes. The
balance of the measured flux differences indicates a lower
dust mass in the ‘arm’, by a factor of ≃ 3. Finally, a 50-
K difference in ‘bar’ and ‘arm’ temperatures at the time of
the 2004 September UIST observation would account for 0.7
mag of the difference in [3.99] and 0.09 mag in ([3.99]–M ′).
The latter is consistent with the observed colours (Table 6
and the balances of the measured [3.99] and M ′ differences
give a dust mass ratio of ≃ 4. Owing to the possible loss of
flux in the fainter reconstructed images, this ratio is prob-
ably overestimated; but all the observations, going back to
the 2002 images, point to fainter dust emission in the ‘arm’
so there is certainly some mass difference.
The distances of the dust features from the 1993 dust-
formation episode, ‘F’ and ‘G’ observed with Gemini at
12.5µm (Fig. 4) are about 4.1× those of ‘C0’ and ‘C1’, giv-
ing radiative equilibrium temperatures 〈Tg〉 ≃ 350 K for ‘F’
and ‘G’. At 12.5 µm, such dust has an emissivity about 19
per cent that of the 600-K dust from the 2001 episode. If
the mass of dust in ‘G’ was the same as that in the cor-
responding feature, ‘C1’, it would be 1.8 mag fainter. The
observed magnitude difference is nearer 3.4 mag, suggest-
ing that much of the dust from the 1993 episode has been
lost, consistent with the fall in the mass of dust in the ‘bar’,
but this effect may be overestimated as noted above given
Figure 8. Sketch of the wind-collision region (WCR) relative to
the stars; the observer is in the plane of the orbit, perpendicular
to the WCR axis. The winds of the WC7 and O stars are sepa-
rated by a contact discontinuity approximated at large distances
by a cone whose opening angle, θ, depends on the ratio of the
momenta of the two winds. On either side of it are surfaces where
the WC7 and O stellar winds are shocked. This effect diminishes
in the outer regions of the WCR as the angles of incidence of
the undisturbed WC7 and O5 winds on the WCR get smaller.
Note that our definition of ∆θ differs from that of Eichler & Usov
(1993), which includes the shocked regions on both sides of the
contact discontinuity.
the faintness of the emission. Similarly, the corresponding
feature in the 2004 September UIST M ′ image would have
〈Tg〉 ≃ 340 K and an emissivity at this wavelength of only
1 per cent that of the 550-K dust from the 2001 epsiode.
Comparison with the measured magnitude difference sug-
gests that half the original dust had been lost but this is
very uncertain. The emissivity ratio at shorter wavelengths
is even less, only 0.5 per cent at 3.99 µm, accounting for our
not observing the ‘1993’ dust in the [3.99] images.
4 RELATION OF THE DUST IMAGES TO
THE ORBIT AND CWB PARADIGM
4.1 Changing configuration of WR140 during
dust formation
The CWB paradigm has dust forming from the compressed
wind in the WCR and expanding radially from the stars.
The WCR at large distances from the stars may be approx-
imated by a hollow cone of opening angle θ and thickness
∆θ (cf. Fig. 8), following analytical models of, e.g., Eichler
& Usov (1993) and Canto´ et al. The WCR is assumed to
be symmetric about its axis, the line of centres of the stars.
The dust extends (θ+∆θ) above and below the orbit, and
this quantity could be determined directly from observations
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if the orbit was highly inclined. The WCR moves with the
stars in their orbital motion, spreading the dust round the
stars, and would produce a ‘pinwheel’ if the dust formation
was continuous. In the case of WR140, which makes dust for
only a small fraction of its period, the distribution of dust in
the plane of its orbit is determined by (θ+∆θ) and the an-
gular movement of the WCR during the phase interval when
the WCR was producing dust-forming plasma (i.e. suitably
compressed wind), and we expect to observe only an arc of
a dust pinwheel. After determining the orientation of the
orbit on the sky, Dougherty et al. (2005) noted that the O5
star was NW of the WC7 star at the time of periastron, and
commented on the paucity of dust in that direction, where
they expected dust to form. Indeed, our images show the
dust to be located in a number of clouds spread most of the
way around around the stars, but not to the NW, where it
was seen only in the early Keck images of MTD.
Owing to the high orbital eccentricity (0.881, MM03),
the position angle of the WCR changes very rapidly around
periastron passage, so that the placement of the dust plume
around the system is particularly sensitive to the timing of
the production of the dust-forming plasma. For example, the
P.A. of the O5 star relative to the WC star moves through
more than one-quarter of its orbit, from 356◦ to 246◦, in
only 0.01P (φ = 0.995− 0.005), and through three-quarters
of its orbit in only 0.04P. These ranges are very sensitive
to the orbital eccentricity itself, because it is so high. They
account for the spreading of the dust around much of the
orbit despite the short duration of dust formation.
Another consequence of the highly variable orbital ve-
locity around periastron is that the density along the plume
varies sharply with P.A. Even if dust forms at a constant
rate, the density on the sky of dust condensed from dust-
forming plasma originating at periastron is more than ten
times lower than that originating at phase 0.02, where the
WCR sweeps round more slowly, and the dust is spread less
thinly.
4.2 Modelling the dust distribution
As a baseline, we model the distribution of dust made by
WR140 according to the CWB paradigm. For each phase
between the start and end phases (or the phase of the model
if that occurs sooner), we calculate the orientation of the
WCR from the orbital elements of MM03 and Dougherty et
al. The dust formed at that phase will form a ring whose
location, size and orientation are defined by extending the
WCR away from the stars in proportion to the interval since
the start phase. This ring is then projected on a 200 × 200
grid on the sky to build up a 2-D map of the dust, which can
be translated directly into emission as the dust is optically
thin in the IR (Paper 1). For comparison with observations,
the dust map is convolved with a Gaussian profile.
Besides the orbit, the principal parameters determining
the dust distribution are the shape of the WCR and dura-
tion of the process. Other parameters are the efficiency with
which dust nucleates from the plasma, the density distribu-
tion around the WCR, and the velocity of the dust.
The shape of the WCR is determined by the dynamical
balance of the two stellar winds at the contact discontinuity.
From the stagnation point on the axis, where the winds col-
lide head-on, the WCR curves until, further from the stars,
it can be approximated by a cone. If the stellar winds have
reached their terminal velocities before collision, the value of
the opening angle, θ, depends only on the wind-momentum
ratio, η = (M˙v∞)O5/(M˙v∞)WC, and does not vary with
stellar separation around the orbit. In this case, the shape
of the WCR would remain the same while its proximity to
the stars varied with the stellar separation. From consider-
ation of the mass-loss rates of the WC7 and O5 stars based
on X-ray and radio observations at φ = 0.837, Pittard &
Dougherty (2006) derived a wind-momentum ratio η = 0.02,
which gives θ = 31◦. From spectroscopic observations near
periastron, MM03 determined θ = 40± 15◦ from modelling
the moving sub-peaks on C iii and He i emission lines, and
VWA found 50◦ < θ < 60◦ (for i = 122◦) from the orbital
variation of the absorption component of the λ1.083-µm He i
line. We begin by adopting, as a round number, θ = 40◦,
corresponding to η = 0.046.
Near periastron, the distance from the O5 star to the
stagnation point is given by
rO5 =
√
η√
1 + η
D,
whereD is the stellar separation (Eichler & Usov), and could
become too small for the O5 stellar wind to have accelerated
to its terminal velocity before collision. At periastron, D =
0.12a and, if η = 0.046 and RO5 = 26R⊙ (as above), we
have rO5 = 2.9RO5. For a simple β wind velocity-law of the
form
v(r) = v∞
(
1− RO5
r
)β
,
the O5 wind velocity would be only 0.66 v∞ (assuming
β = 1.0) when it reached the WCR at r = rO5, and the
WCR would contract around the O5 star, with a smaller
opening angle, θ. The effect would be greater for a smaller
wind-momentum ratio, e.g. v(rO5) = 0.5 v∞ for η = 0.02.
Countering this effect is the possible radiative braking of
the WC7 wind by the O5 star’s radiation field, normally
insignificant in WR140 (Gayley, Owocki & Cranmer 1997),
which might occur as the WCR moves closer to the O5 star,
so that a wind-momentum balance could still exist. Detailed
modelling of the WCR under these conditions is beyond the
scope of the present study; for which we recall the persis-
tence of the C iii sub-peak emission right through perias-
tron (MM03), and of dust nucleation as suggested by the
K-band photometry (Fig 5), which indicate that the WCR
does not collapse on to the O5 star. Given that the effects of
incomplete acceleration of the O5 wind and radiative brak-
ing of the WC7 wind work in opposite directions, we assume
θ to be constant during dust formation. Consequently, the
fraction of the WC7 stellar wind going into the WCR and
becoming available for dust formation would be indepen-
dent of phase. We also assumed that the fraction of com-
pressed wind that condensed dust was constant while this
phenomenon occurred, i.e. that dust nucleation was a thresh-
old phenomenon.
The appropriate value of ∆θ is unknown: Pittard &
Dougherty (2006) found values of ∆θ ≃ 20◦ for a range
of possible values of θ, but this applies to adiabatic post-
shock winds. Where there are radiative losses, which is the
case with WR140 near periastron (MM03, VWA), ∆θ will
be smaller (Eichler & Usov 1993), and we arbitrarily adopt
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∆θ = 10◦ here for this phase range. In principle, it could
be much thinner, but instabilities from cooling could again
increase its geometrical thickness (Folini & Walder 2002).
The WCR moves with the stars in their orbit, the axis
lagging behind the line of centres because of the orbital
motion. Owing to the high eccentricity, the aberration an-
gle, δ = arctan(vorb/vwind), resulting from the Coriolis force
varies significantly round the orbit with the varying trans-
verse velocity of the WCR, vorb, taken to be that of the
WCR relative to the WC7 star. Owing to the long orbital
period and fast stellar winds in WR140, δ is expected to be
small and only reach 5◦ at periastron. This is smaller than
the corresponding angle, δφ = 40◦±20◦ (assumed constant)
found from fitting the emission-line subpeaks (MM03), and
we used the aberration angle from the transverse velocity in
our modelling.
The distribution of compressed wind and dust around
the axis of the WCR is unknown. Models of an adiabatic
WCR in γ Vel show a greater density enhancement in the
trailing edge (in the orbital plane) of the WCR than in the
leading edge and this was predicted to carry over to the
radiative case (Folini & Walder). Similarly, Lemaster, Stone
& Gardiner (2007) found higher densities on the trailing
edges of the WCR in their study of the effects of the Coriolis
force on CWB interactions but, as none of these models
was directly applicable to the case of WR140, we began by
assuming an axisymmetric density distribution and consider
deviations below.
The compressed wind accelerates in the WCR from the
stagnation point to the cone-shaped region, where it reaches
an asymptotic velocity about 80 per cent that of the stellar
winds (Section 3.3 above). The wind is assumed to continue
ballistically on this trajectory. During some interval, dust
condenses in the down-stream flow and is quickly accelerated
by radiation pressure to its terminal drift velocity.
As discussed in Section 3.4, there are two sets of data
determining the orbital phases at which the WCR started
and ceased to produce dust, each with its own assumptions
and delays. On the one hand are the ξ = 0 abscissae in Table
5, which are later than the true dates owing to the acceler-
ation of the dust-forming plasma in the WCR, and then of
the dust grains by radiation pressure. If these delays are the
same for all dust features, the differences between the ξ = 0
dates still hold, i.e. ‘E’ and the ‘arm’ were formed first, fol-
lowed 0.039± 0.023 P and 0.055± 0.019 P later by ‘C0’ and
‘C1’. The interval between the last two features is compa-
rable to the uncertainties, and they may have been formed
at the same time, which is compatible with the clockwise
rotation of the system on the sky. On the other hand are
the phases at which the near-IR light curves showed dust
nucleation to be occurring (φ ≃ 0.0 − 0.025, Section 3.1),
giving half the duration.
We begin by adopting the time-scale indicated by the
proper motions. If the production of dust-forming plasma
depends only on conditions such as local radiation field and
pre-collision wind density, which depend on stellar separa-
tion, the 0.055-P phase interval would occur symmetrically
about periastron, i.e. running from φ = 0.972 to φ = 0.028
(80 d before and after periastron passage) when the local
conditions would have been the same. We assume that, be-
tween these phases, the rate of compression of the dust-
forming plasma was constant. We are aware that this runs
Figure 9. Model dust image for φ = 0.18, near the epoch of the
2002 July observations (Fig. 2), convolved with a Gaussian of 120
mas FWHM. The stellar image is attenuated to allow display of
the dust emission. Superimposed is a frame comprising ellipses
marking the projections of those regions of the WCR which the
earliest (NE of the star) and latest (S of the star) dust to form
would have reached by the model phase (φ = 0.18) and, joining
them, arcs showing the loci of four points on these ellipses, that
at the leading edge of the WCR in the orbital plane (marked
‘L’), the following edge (‘F’), and maxima above (‘A’) and below
(these are arbitrary) the plane. The dust is optically thin, so
we see superposition of dust made at different phases and limb
brightening of hollow structures.
Figure 10. Model dust images for φ = 0.18, showing the effects
of (left) half the duration of dust formation (±40 d, from the
nucleation time) and (right) an asymmetric dust distribution with
A = 0.9. Other parameters are the same as in Fig. 9.
counter to the observation that the mass of dust formed be-
fore periastron, the ‘arm’, is about one-quarter that formed
afterwards but, in the absence of an obvious physical reason
for this difference, continue with our assumption.
Using these parameters, we constructed a specimen
model of the dust clouds for φ = 0.18, near the time of the
2002 July observations. Comparison of the model (Fig. 9)
and observed dust images (Fig. 2) shows that the model re-
produces the southern ‘bar’, including the concentrations
‘C0’ and ‘C1’, reasonably well, but not the eastern ‘arm’, and
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produces more dust to the north-west than seen in the ob-
servations. Owing to the high angular velocity of the WCR
around periastron, the angular distribution of dust is very
sensitive to the choice of interval during which dust-forming
plasma is produced. The placement of dust on the sky pro-
vides tight constraints on the orientation of the WCR when
the dust-forming plasma was condensed and hence on the
phases at which this process occurred. In particular, images
using the duration of dust nucleation indicated by the light
curves (40 d before and after periastron) are a very poor
fit (cf. Fig. 10). Indeed, the fit can be improved slightly by
increasing the production duration of dust-forming plasma
by ∼ 0.01 P, or by adopting a higher orbital eccentricity,
which increases the P.A. range covered in the same phase
interval, but the discrepancy between model and observed
dust to the NW of the stars requires re-examination of the
input assumptions.
The model dust NW of the stars is not dust formed at
periastron; dust from wind compressed around periastron
would be spread with P.A. extending ±50◦ (θ +∆θ) on ei-
ther side of the projected P.A. at periastron. We tested this
with a variant of the model which allowed for a brief pause
in dust formation very close to periastron, not long enough
to show up in the light curve (Fig 5), as if the WCR was tem-
porarily unable to produce dust owing to the proximity of
the stars or weakening of the wind collision, but this did not
remove the dust to the NW. With the aid of the overplotted
wire frame in Fig. 9, we see that the model dust to the NW
is attributable to the overlay of dust formed in the leading
edge of the WCR before periastron and, to a lesser extent,
the following edge after periastron. The observed paucity of
dust in this direction suggests that we abandon the assump-
tion that the dust is distributed uniformly around the axis of
the WCR. This asymmetry could be related to the asymme-
tries found in WCR models referred to above, or it could be
a consequence of asymmetry in the WC7 stellar wind such
that the WCR moved through a region of rapidly falling
wind density between φ ≃ 0.95 and periastron, as if there
were a high-density flattened region having P.A. ≃ 100◦. A
flattened wind for the WC7 star was proposed by White &
Becker (1995) to explain the variations in the radio emis-
sion, but this is not supported by polarimetric observations
(MM03 and references therein). Also, the WCR would cross
such a disk a second time 180◦ later in P.A. (≃ 280◦), lead-
ing to enhanced dust formation between P.A.s 240◦ and 320◦
– which is not observed.
We therefore ascribe the asymmetry to the WCR it-
self, and test this with the simplest parameterisation of
non-uniform wind density around the WCR: a fraction A
of the dust is re-distributed around the axis of the WCR
as A cos(ζ), where ζ = 0 is the azimuthal angle correspond-
ing to the trailing edge of the WCR in the orbital plane. A
model image with this adjustment for A = 0.9 is presented in
Fig 10. Although this does not reproduce the ‘arm’, it repre-
sents an improvement over the uniform distribution model,
and might be improved further with a physically more real-
istic azimuthal density distribution.
The model images (Figs 9–10) show dust projected
against the star. This is the earliest dust to form, made from
the WCR when its axis was pointing towards us. This dust
therefore lies in our line of sight to the stars, and is most
probably that responsible for the optical eclipses observed
by MM03 and previous observers shortly after periastron.
5 DISCUSSION
The unprecendented combination of high-resolution infrared
imaging, multi-band infrared photometry and knowledge of
its distance and the binary orbit in three dimensions pro-
vides a unique opportunity to examine the dust formation
process by WR140 and assess some of the underlying as-
sumptions, with implications for other, less well observed,
dust-making Wolf-Rayet systems.
Consideration of the radiative equilibrium on the
youngest dust and the projected distances of the dust fea-
tures from the mid-2001 images suggests that the optical
properties of the grains formed by WR140 differ from those
made by the WC9 stars, particularly the classical ‘pinwheel’
WR104 modelled by Harries et al. (2004), in having a lower
ratio of UV-to-IR absorption coefficients. The physical con-
ditions under which WR140 makes dust differ from those in
WR104 – e.g. the stronger UV radiation field, as both com-
ponents of WR140 are hotter than the stars in in WR104
– so such differences are unsurprising, and recall those in
different samples of carbon grains formed in the laboratory
(Andersen et al.). We also recognise from the comparison
of their detailed observations of the WR104 dust plume by
Tuthill et al. (2008) with the model developed by Harries et
al. (2004) that the dust models based on radiative equilib-
rium in the stellar radiation field need refinement.
The images of the dust made by WR140 are very dif-
ferent from the classical ‘pinwheels’ around the persistent
dust-makers, more akin to ‘splashes’, with patches of dust
at similar distances and having a variety of position angles,
moving away from the stars at constant rates. Extrapola-
tion of the motions back to the stars suggests that the dust-
forming plasma responsible for the features to the east was
condensed about 0.055 P before that responsible for the fea-
tures to the south, assuming that the acceleration was the
same for all features. The spreading of the dust around most
of the orbit can be reconciled with the formation of dust in
a WCR rotating with the stars and the short duration of the
production of the dust-forming plasma (0.055 P) by noting
that the high eccentricity of the orbit causes the P.A. of the
WCR to swing through almost two-thirds of its orbit (233◦
from NE to S) in this interval. This is consistent with the
dust to the E being formed before that to the S.
Calculations of model dust distributions on this basis
have mixed success. They reproduce the most persistent
dust feature, the southern ‘bar’ with concentrations ‘C0’
and ‘C1’ at the two ends, but fail to the north and east.
We have examined the effects on the images of changing
model (e.g. θ) and orbital parameters: most have little ef-
fect, apart from the orbital eccentricity and the phase range
during which dust-forming plasma was produced. Owing to
the rapid movement of the orientation of the WCR near pe-
riastron, the model images are very sensitive to the choice
of the phases at which dust-forming plasma was condensed,
and this provides a third, perhaps the tightest, constaint on
the time-scale of dust formation. It is possible that current
RV studies of WR140 will lead to small changes to the or-
bital parameters but these will have to fit other constraints,
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such as the closely-timed X-ray eclipse at conjunction (Pol-
lock et al. 2005, fig. 1). If we drop the assumption that the
acceleration of the plasma in the WCR was the same for all
the dust features, the phase at which wind compression be-
gan to be sufficient for dust formation could have occurred
earlier. There is no scope for a similar adjustment to the
phase for the end of dust formation, as the proper motion
‘start date’, assumed delay and P.A. on the sky are consis-
tent.
As discussed in Section 3.4, the duration of dust nucle-
ation was half the formation interval indicated by the proper
motions. Unsurpisingly, model dust images (Fig. 10) using
the nucleation interval for the duration of dust formation
gave worse fits to the observed images than those using the
duration from the proper motions.
The simple model for dust formation in the WCR does
not fully account for the dust observed around WR140
whatever the choice of input parameters, so the model as-
sumptions need further examination. We have already found
that a model including an asymmetric distribution of dust
around the axis of the WCR improves the fit to the ob-
served images slightly. There is a stronger piece of evidence
supporting this non-uniform azimuthal density distribution
around the WCR axis: the different proper motion of ‘C0’
and ‘C1’, considered (Section 3.5) to be caused by the dif-
ferent inclination angles of their trajectories. The axis of
the WCR was tilted away from us during the time when
these features were formed, with the angle between the axis
and our sightline (ψ, where cos(ψ) = − sin(i) sin(f + ω),
with f being the true anomaly of the O5 star in its or-
bit) varying over ψ = 119◦ − 104◦ for φ = 0.015 − 0.025.
With θ = 40◦, this has dust flowing both towards us and
away from us, and having a three-fold range of projected
velocities on the sky. However, if the dust were distributed
symmetrically around the WCR axis, because the emission
is optically thin, the strongest dust emission would come
from the limb-brightened edges of the cone, which would
have the same projected distances from the star whatever
the orientation of the WCR cone. In this case, we would be
unlikely to observe the effects of different inclinations of the
dust motions. This is confirmed by the modelling. Models
of the dust emission for different phases assuming uniform
azimuthal dust show that the concentrations to the south
identified with ‘C0’ and ‘C1’ have the same proper motions.
In the models with asymmetric dust, the proper motion of
‘C0’ is found to be 70 per cent that of ‘C1’, close to the ob-
served value of 75 per cent (Section 3.3). The higher density
in the following edge of the WCR accords with theoretical
studies of WCRs in adiabatic systems; when the studies have
been extended to systems like WR140, the dust modelling
should be repeated with a more realistic azimuthal density
distribution than the simple one used here.
A similar asymmetry may apply to the dust made by
the classical pinwheel WR104, but will be harder to ob-
serve. Because its dust formation is continuous, there are
no concentrations to track by proper motion, and the dust
plume is narrower than that of WR140 – see, especially,
fig. 8 of Tuthill et al. (2008) for a stacked image – so it is
harder to observe any structure in the pinwheel. It would
be instructive to observe another pinwheel having a low or-
bital inclination, like that of WR104, but a more luminous
companion to the WC9 star and hence larger values of η
and θ and a wider dust plume which might show a density
gradient.
There is a second category of asymmetry in the dust for-
mation by WR140: the four-fold difference in the amount of
dust formed in the features before and after periastron, and
the difference in time-scales. Either the wind-compression
process depends on more than the local conditions – radi-
ation field and pre-shock wind density – which depend on
stellar separation only, or the difference in dust mass in the
‘arm’ and ‘bar’ must be a consequence of a significant dif-
ference in the efficiency of dust formation from the wind.
We expect a delay between the compression of the dust-
forming plasma and nucleation of the dust, to allow time
for the plasma to flow to where the dust forms. If this is
the nucleation radius (∼ 125 au), the delay would be about
0.03 P for a flow at about 2400 km s−1 (Section 3.3). Such a
delay is consistent with the beginning of nucleation at φ =
0.0 (Section 3.1) and the start phase, φ = 0.972, adopted
from the proper motions, so we could have dust nucleating
as soon as it reached the nucleation radius. On the other
hand, the cessation of nucleation between φ = 0.025 and
φ = 0.03 at the latest places a tight limit on the delay, as
the stop phase from the proper motions of ‘C0’ and ‘C1’,
φ = 0.028, and the P.A. of the ‘bar’, which is consistent
with the condensation of the dust-forming plasma at the
same phase, leave no time for it to flow to the nucleation
radius.
If the basic model and the orbital parameters are cor-
rect, the time-scale for nucleation for the southern dust fea-
tures suggests that dust is able to condense much closer
to the stars than the radiative-equilibrium nucleation ra-
dius, perhaps because of screening by the compressed wind.
Once some dust grains have condensed, they will themselves
provide screening and facilitiate further condensation. The
models of line-of-sight dust clouds formed by WC9 stars
(Veen et al. 1998) suggest that these clouds form closer to
the stars than the persistent dust clouds located beyond the
nucleation radii. Something similar may be happening in
WR140, but the fact that this occurred only at the end of
the dust-forming episode, and then produced most of the
dust, suggests different processes governing the formation of
the early and final dust features.
Nevertheless, the basic features of dust formation by
WR140 can be ascribed to the CWB paradigm, including
the spread of dust by the rotating WCR, but the processes at
the start and finish of the process – which are not observed
with the persistent dust formation by the WC9 stars - have
still to be understood.
6 CONCLUSIONS
The images of WR140 observed at wavelengths between 2
and 18 µm using four different instruments on four different
telescopes give a consistent view of the evolution of the dust
formed around the time of the 2001 periastron passage until
φ = 0.56. Dust is observed to be distributed most of the
way round the star, more like a ‘splash’ than a short arc
of a pinwheel like those made by WC9 stars as one might
have expected from the very small fraction of the period
(0.055 P) taken up by dust formation. This results from the
fast angular motion of the binary and projection of theWCR
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on the sky around periastron as a consequence of the highly
eccentric orbit.
The positions of three persistent dust concentrations
were tracked, showing them to be moving away from the
stars with constant proper motions. Extrapolation of the
linear motions back to the stars indicates that one concen-
tration, that to the E of the binary, was ejected about 145 d
before the other two, both to the S of the binary and com-
prising the ‘bar’. The constancy of the proper motions in the
presence of strong radiation pressure indicates that the dust
grains must have been accelerated to constant drift velocities
relative to the dust-forming plasma. Continued movement
through the plasma would have been important for growth
of the grains by implantation of C ions (cf. Zubko 1998) after
nucleation ceased, so that the dust mass continued growing.
The multi-band (H–[19.5]) light curves showed nucleation
ceased around φ ≃ 0.025 − 0.030 but dust mass increasing
until φ ≃ 0.14. After this phase, the dust mass began to
fall, presumably due to destruction of grains by spallation.
Photometry of the most persistent dust feature, the south-
ern ‘bar’, from the [3.99]-band images show its mass falling
by a factor of about four over φ = 0.23 − 0.56 but this is
probably an overestimate owing to the likely loss of faint
flux from reconstructed images. Grain destruction at later
phases must be less important, because we observed dust
emission from the ‘bar’ made in the previous, 1993, dust-
making episode at 12.5 µm and 4.68 µm at distances consis-
tent with the proper motions of the concentrations made in
the 2001 episode. This shows that, to the S at least, the dust
expands freely in a low-density void, presumably that blown
by the stellar winds. The dust feature to the E, the ‘arm’,
is not as robust, and partly dissipates during our sequence
of observations. Photometry of the images shows the dust
mass in the ‘arm’ to be significantly less than that in the
southern ‘bar’ including ‘C0’ and ‘C1’.
Model images of the dust cloud were constructed with
dust forming downwind in the WCR, and using the pro-
jected angular motion of the WCR calculated from the or-
bital elements. Comparison of the model images with the
observations shows a reasonable match for the persistent
dust features to the south of the stars, but differences to
the E and NW. The effects of adjustments to model and
orbital parameters were explored: only the phase at which
the dust-forming plasma started to be produced and the
orbital eccentricity significantly affected the fits to the E.
The fit to the NW, where the models produced more dust
than observed, could be improved by adopting an asymmet-
ric distribution of material around the axis of the WCR, with
highest density at the following edge of the WCR in the or-
bital plane. This asymmetry also accounts for the difference
in proper motions of the two most persistent dust features
and accords with theoretical work on colliding winds. It is
the most promising development of the basic WCR dust-
formation model.
The shorter duration of dust nucleation interval sug-
gests that the delay between wind compression and dust
formation was different for different features. Dust does not
necessarily start nucleation when the wind reaches the nucle-
ation radius, and may even condense closer to the stars. The
nucleation of dust in WC winds is still not understood, but
the dust formation by WR140 is consistent with this process
occurring in a rotating WCR – as inferred for the rotating
‘pinwheels’ like WR104 and WR98a, for which stellar orbits
have yet to be observed.
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